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ABSTRACT 
In medical applications of microwave thermography an apparent 
microwave temperature is obtained from a sample of the thermal 
radiation flux generated in body tissues and measured at the body's 
surface. The temperature variation over the human body reflects the 
effects of blood perfasion, metabolism and environmental temperature, 
therefore any disease which causes changes in the physiological 
properties of the human body also changes the measured microwave 
temperature and can be investigated using microwave thermography. 
The Glasgow radiometer operates at a frequency of 3GHz where 
tissues are relatively transparent to electromagnetic radiation. The 
choice of measurement frequency strongly influences the lateral spatial 
resolution and depth of penetration of radiation. The equipment consists 
of three -basic parts, a microwave antenna designed for operation in 
contact with the skin where it feeds the tissue thermal radiation signal to 
a measuring radio receiver. The received signal is passed through a 
signal processor to produce output information calibrated in degrees 
Celsius. 
The tissue temperature distribution, T, is assumed to be determined by 
a heat supply due to arterial blood perfusion, co, at. 7:,, , and metabolic 
activity, Q, in total co, (7:,, - T, ) + Q, the tissue thermal conductivity and 
the region thermal boundary conditions. This tissue temperature 
distribution with the microwave propagation properties of the tissues 
determines the microwave radiation temperatures measured at the skin 
surface. By measuring the infra-red surface and microwave 
temperatures it is then possible to make estimates of the physiological 
heat supply to a volume of tissue. 
Nficrowave thermography has been used for the objective assessment 
of inflammation in the knee joints and wrist and finger joints of patients 
suffering with rheumatoid arthritis by comparison with similar 
information obtained from a control group of subjects. Combined 
microwave and thermal modelling has been used to estimate the 
effective blood supply to the anterior intra-articular region of the 
patella, and the perfusion of the quadriceps muscle in both groups. 2-D 
numerical modelling was compared with results obtained using I-D 
modelling. 
Microwave thermography has also been used for the detection of 
breast cancer. However, problems such as high false positive detection 
rates have occurred due to natural cyclical breast temperature changes. 
The thermal behaviour of the normal breast throughout the menstrual 
cycle has been investigated and it is shown that microwave 
thermography is capable of detecting temperature variations in the 
female breast corresponding to the ovulatory and luteal phase of the 
menstrual cycle. Combined microwave and thermal modelling 
estimated the effective perfusion'of the normal breast ' 
to be in the range 
0.2 --2 kg m-'s-'. This is consistent with previous work. 
Microwave thermography is a quick, simple technique which 
clinicians can easily use. It is non-invasive, passive and causes the 
patient no distress. By using combined microwave and thermal 
modelling it is possible to estimate tissue blood perfusions and water 
contents and compare them with expected values. The technique has 
many potential applications and will hopefully find a secure niche in 
clinical medicine. 
I 
CHAPTER 1.0 GENERAL INTRODUCTION. 
1.0 Introduction. 
In general, detection and definition of medical conditions (diagnosis) 
requires the clinician to use his experience to bring together various 
disparate pieces of information - some subjective (pain, etc), some quasi- 
objedive (history of symptoms), some objective (biochemical test, X-ray 
images). He will often have to make a differential diagnosis on the basis 
of incomplete or uncertain pieces of information. Therefore, there is 
clearly a need for more reliable clinical information in order to provide a 
greater chance of correct diagnosis. Objective measures giving clear 
information are the most useful. 
An obvious aim should be to make maximum use of the information 
provided naturally by the body, thereby reducing the need for invasive 
techniques, which may have undesirable side effects (e. g. 
injection/ingestion of radio-active material). Body tissue temperature 
behaviour is "naturally" available information; is it possible to measure it 
non-invasively? Yes, by using infra-red and microwave thermography 
techniques, thermal images can be obtained. Thermal imaging can provide 
the clinician with an inherently safe, well tolerated, objective assessment 
technique. 
Over the last 20 years thermal imaging techniques have proven to be 
useful in clinical medicine. The measurement of naturally emitted heat 
energy from the body is a non-invasive and inherently safe technique. 
Extensive studies have been performed on infra-red imaging techniques 
(Collins et al, 1974). However, this technique has a number of drawbacks 
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because the measurement of infra-red wavelength thermal radiation, 
emitted from essentially the skin surface, requires that for reproducible 
results, the environmental conditions must be very closely controlled. In 
comparison microwave radiation thermography uses a wavelength of 
approximately 10cm, so microwaves having a greater penetration depth 
than infra-red radiation, therefore information about internal body 
temperatures can be obtained. 
Nficrowave thermography obtains information about the temperature of 
internal body tissues by a spectral measurement of the intensity of the 
natural thermally generated radiation emitted by body tissues. At lower 
microwave frequencies microwave radiation is able to pass through 
medically useful thicknesses of human tissue, up to a few centimetres, and 
therefore the subcutaneous temperature may be measured non-invasively. 
(Fig. 1.0) The temperature variation over the human body reflects the 
effects of blood perfusion, metabolism and environmental temperature 
therefore any disease which causes changes in physiological properties 
may be investigated using microwave thermography. 
Nficrowave thermography is both an objective and a quantitative 
measure, it provi es the possibility of assessing the degree or severity of 
disease activity, and monitoring of therapeutic intervention. 
Throughout the last 10 - 15 years clinical studies using microwave 
thermography have included osteo-articular diseases, vascular disorders, 
diseases of the abdomen and cancers of the breast, thyroid and brain 
(Brown, 1989). A review of clinical microwave thermography is given in 
1.5. 
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Fig. 1.0 Transmission of microwave radiation through body tissues. 
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The aim of this research was to determine the usefulness of using 
microwave thermography in a clinical environment on various body parts, 
and its ability to provide clinicians with useful information. The object of 
the knee work was to show that simple combined thermal and microwave 
radiation modelling may give a useful estimate of the blood supply to the 
anterior intra-articular region of the patella and the quadriceps muscle of 
both normal controls and in patients suffering from rheumatoid arthritis 
(RA). The increase in temperature over the knee joint has been shown to 
be due primarily to an increase in blood perfusion to the affected area. A 
2-dimensional numerical modelling technique was developed by Dr. Paul 
Harness (UMIST, 1994), this model was compared with the I dimensional 
analytical and numerical models used previously. A pilot study was 
carried out at the Centre for Rheumatic Diseases, Glasgow Royal 
Infirmary, to assess the usefulness of microwave thermography for the 
monitoring and assessment of disease activity in the hand and finger ioints 
of Patients suffering from rheumatoid arthritis. 
Finally the application of microwave thermography to the study of breast 
disease was considered. Variations in thermal and microwave properties 
in the breast during the menstrual cycle were investigated as this 
knowledge is essential if changes in the breast due to disease are to be 
detected. Combined thermal heat transport and microwave radiation 
modelling was used to estimate the effective perfusion in breasts. 
This thesis is structured as follows. Chapter I gives an introduction to 
microwave thermography and discusses other imaging techniques. Basic 
principles behind microwave thermography are explained in Chapter 2. 
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Chapter 3 looks at tissue properties which affect microwave thermographic 
measurements. The microwave radiometer used in this work is described 
in Chapter 4. This is followed by a discussion of temperature distributions 
in the human body and combined modelling in Chapter 5. Chapters'6 &7 
look at the application of microwave thermography to the study of joint 
and breast disease and fmally conclusions are considered in Chapter 8. 
1.1 Introduction to blackbody radiation. 
At all temperatures above absolute zero objects radiate energy in the 
form of electromagnetic waves by virtue of the thermal vibration of the 
electrical charges of the object material. This is "thermal radiation". Since 
a good absorber of radiation is a good emitter, it follows that the best 
emitter is a surface that is the best absorber. A surface which absorbs all 
the incident energy falling on it at all wavelengths is called a "black body" 
surface. 
The intensity of the radiation from a black body is governed by Planck's 
radiation law, which is 
2h vý I 
7 ehlKT - 
where B is the intensity of radiation per unit wavelength, T is the absolute 
temperature and v is the frequency of the radiation, h is Planck's constant, 
K is Boltzmann's constant and c is the velocity of light. Figure 1.1 shows 
that maximum emission of radiation occurs at around 10" Hz for a surface 
at-300K. 
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Fig. 1.1 Intensity spectrum of a black body at a temperature of 300K. 
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No surfaces are ideal black bodies, however the human body is an 
excellent radiator, therefore it follows that it must be a good absorber of 
radiation. Human skin has an emmissivity of - 0.98 (Mtchell, 1967). It 
can be assumed that the human body behaves very close to a black body in 
the wavelength range of (0.2 - 20)jim. 
If the infra-red absorption of radiation takes place over a depth of tissue 
of the order of 0.1 nun, so the emission of infra-red radiation is from this 
superficial layer of tissue, i. e. infra-red measurements give a surface 
temperature, which may or may not, through internal heat conduction, 
reflect body interior temperatures. 
In contrast, the longer centimetric microwaves are absorbed over a depth 
of a few centimetres, and so are emitted from tissues extending in from the 
skin surface of a similar distance, i. e body tissues can be thought of as 
being modestly transparent to centimetric microwave radiation, so that 
some of the microwave component of the thermal radiation, generated by 
internal tissues, reaches the surface where it can be measured. The body 
can be considered to have a "microwave temperature" at the skin surface, 
and through the partial transparency of the tissues this will provide some 
information about internal, as distinct from superficial tissue temperatures. 
Human tissue properties are such that for medical applications the 
optimum measurement frequency is approximately 3GHz, 10cm free space 
wavelength, at which frequency temperature pattern information can be 
obtained for tissues at clinically useful depths of several centimetres within 
the body and a thermal pattern resolution at the surface of I-2 cm. ý Figure 
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1.0 shows the general form of the transmission of microwave radiation 
through body tissues. 
The tissue attenuation constant for the microwave radiation gives the 
measure of the depth within the body from which useful temperature 
information can be obtained. The attenuation constant is defined as the 
thickness of tissue which will absorb e-I or 37% of the power incident 
plane wave radiation. Because of the resonant absorption of microwave 
radiation by the polar water molecule at about 26GHz, tissue water content 
determines the radiation attenuation constant. Fat and bone have a low 
water content and so have a lower power attenuation constant, whereas , 
high water content tissue such as muscle and skin have a higher 
attenuation constant. 
1.2 Microwave thermography equipment. 
The radiometer used in this study operates at a frequency of 3GHZ 
where tissues are relatively transparent to electromagnetic radiation. As 
mentioned above the spatial resolution is about 10mm to 20mm, and tissue 
radiation transmission distances are about 10mm to 40mm. These values 
are well suited to the examination of major articulations and breasts, but 
are larger than optimum for the smaller dimensions of the finger. , This will 
be discussed further in Chapter 6. The equipment consists of three basic 
parts; a microwave antenna designed for operation in contact with the skin 
which feeds a tissue thermal radiation signal to a measuring radio receiver. 
The received signal which is a result of the summation of the emitted 
radiation at all interior points reduced by a weighting factor taking into 
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account the tissue microwave attenuation is then passed through a signal 
processor to produce output "microwave temperatures" calibrated in 
degrees Celsius. Skin surface temperature measurements were made using 
a commercial pyroelectric element infra-red thermometer. Measurement 
data was recorded using a small computer. 
1.3 Background of thermometry. 
The correlation between disease and an increase in body temperature 
was accepted as for back as 400 ax when Hippocrate used his hand as a 
thermometer when assessing patients. In 1595 Gallilei in Pisa devised the 
thermometer but it was not widely used until 1612. Fahrenheit's scale of 
temperature was adopted in 1708 followed by the centigrade scale in 1742. 
Throughout the 1800's the thermometer was used for many studies and by 
1870 it was an accepted measure in medical circles. (Solonsa et al, 1978) 
Skin temperature is a reflection of the state of the vascular system, so 
diseases of the vascular system often result in regional or local temperature 
changes. The diseases under investigation in this thesis being rheumatoid 
arthritis and breast disease. Both of these conditions resulting in an 
increase in temperature over the affected area. The remainder of this 
chapter will look at various clinical imaging techniques currently in use 
throughout the medical world at present and a review of microwave 
thermography will be given in 1.5. 
8 
1.4 Imaging techniques. 
The following techniques are probably the most widely used in clinical 
medicine. 
9 Infra-red thermography 
Infra-red thermography detects the infra-red radiation being emitted from 
the skin, and can be used to quantify changes in blood flow and 
inflammation in limbs and joints. This technique is also used to evaluate 
and monitor disease activity. 
e Conventional X-ray imaging 
When a beam of X-rays pass through the human body, the X-rays are 
differentially attenuated according to the physical nature of the material. 
The X-ray beam is altered in two ways as it passes through the body. 
Energy is absorbed from the beam into the tissue of the subject. The beam 
is then differentially attenuated according to the thickness, atomic number 
and density of the material in its path. The radiation interacts with the 
body tissue by photoelectric absorption and Compton scattering. 
Possible hazardous effects of radiation on living tissue 
however means that it is essential to obtain the required information with 
the lowest X-ray dose possible. 
9 X-ray computed tomography 
The change in tissue density and hence absorption of the X-rays can 
provide a technique with an estimated resolution of IC. (Fallone et al, 
1982) 
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* Ultra-sound-coded doppler imaging 
Ultrasound is used to obtain information from within the body about the 
movement of structures and about the flow of blood. A shift in frequency 
is observed by a receiving transducer when a moving target scatters or 
reflects ultrasound from an isonifying beam. The doppler shifted 
information associated with a specific location can be detected and 
displayed as an image. (Duck, F. A, 1989) 
* Nuclear magnetic relaxation imaging 
In nuclear magnetic relaxation imaging the tissue temperature depends on 
the nuclear magnetic relaxation mechanism for moments in a static 
magnetic field involving thermal interactions with the, surrounding 
environment. 
Multiple Gamma ray imaging 
The spatial distribution in the body of gamma-ray emitting injected or 
ingested radionuclides can be measured by an array of radiation detectors 
forming a "gamma camera". Modem gamma cameras are provided with 
two or three energy channels so that simultaneous images of different 
radio nuclides can be obtained. A problem however is the withdrawal, 
manipulation and re-iniection of blood components involve hazards to both 
the patient and the radio pharmacist. , The spatial resolution of the 
technique is relatively poor. 
Microwave thermography 
Microwave thermography is the technique of observing the natural thermal 
radiation emitted from body tissues at centimetric wavelengths to obtain 
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information about internal body temperatures. The technique will be 
discussed ffirther in the following chapters. 
1.5 Review of Microwave radiometry for medical applications. 
Research into the clinical use of microwave radiometry began 20 years 
ago when Enander and Larsen (1974) measured temperatures regions of 
the abdominal cavity inside the human body using a system which 
operated in the frequency band 0.9 - 1.2 GHz. A loop contact antenna was 
used for this application. They concluded that "measurements of this type 
may have applications in medicine for diagnostic purposes". 
Approximately 4 years later Ludeke, Schiek and Kohler (1978) published a 
paper describing an improved radiometer that they had developed which 
was capable of measuring physical microwave temperature independently 
of any mismatch between the radiation emitting object and receiving 
antenna. Also in 1978, Edrich and Smyth were investigating the new 
technique of remote sensing at centimetre and millimetre wavelengths. 
This solid state scanner operated at 68GHz and had a temperature 
resolution of 0.25C. They concluded that this system was capable of 
distinguishing between normal knees and knees affected with rheumatoid 
arthritis and that it could be used to monitor the effectiveness of drug 
treatments that patients were receiving. In 1980, Edrich, Jobe et al 
published findings from research carried out on the use of the remote 
scanning system for the detection of breast cancer, arthritis and scanning 
of the head and neck region. They suggested that the long wavelength 
11 
thermography may -be suited for the detection of thermally active 
brain 
tumours. 
Barret, Myers and Sadowsky (1980) performed a breast cancer detection 
study of approximately 5000 patients using microwave thermography. The 
equipment operated at wavelengths of 23cm and 9.1cm and was used to 
examine 1000 and 4000 patients respectively. In addition each patient 
underwent infra-red thermography, mammography and clinical 
examinations. By using statistical analysis techniques they decided that 
the most effective detection criteria was to determine the maximum 
temperature difference between symmetrically opposite points on the right 
and left breast. Unfortunately at a wavelength of 23cm they discovered 
that this detection criteria was ineffective. The performance of the above 
systems indicated that microwave thermography at a wavelength of 23cm 
has true-positive and true-negative detection rates of 0.8 and 0.6 
respectively for this application and detection criteria. This result is 
similar to infra-red thermography (0.7), but is less than xeromammography 
(0-9). They also noted that the microwave and infra-red imaging 
techniques disagreed in 41 % of the cancer cases. 
In, 1983, Mamouni, Leroy, Van de Velde and Bellarbi proposed a new, 
microwave technique known as correlation microwave thermography. 
This technique will be briefly described. Two identical radiometer 
channels and antennas are used. Both antennas viewing a common 
volume of tissue inside the body. Now since the signal in each channel is 
composed of two components, one from the common region and the other 
from the rest of the antennas field of view it is possible to separate the 
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common component out. The radiometric signal received will then be due 
to a signal originating at a depth inside the body. It is possible to change 
the depth viewed inside the tissue by altering the relative orientation of the 
antennas. Using this technique they hoped to improve the processes of 
localisation of the thermal gradients in living tissues. 
Iskander and Durney (1983) decided to investigate the use of 
microwaves in measuring changes in lung water content - as techniques 
available to measure such changes lacked either the reliability or 
sensitivity to monitor early changes in water content. The techniques they 
stated were also "elaborate, expensive and impractical for clinical use". 
They looked at two methods. The first was based on measuring changes 
in the phase of an active microwave signal transmitted through the thorax- 
the frequency band being 70OMHz - 1.5GHz. The second technique'being 
based on measuring the natural radiation emitted by the body. They 
constructed a IGHz Dicke radiometer and made measurements on 
phantoms to finther demonstrate the usefulness of the radiometer for 
measuring changes in lung water content. 
In 1987, Abdul Razzack and colleagues built a scanning microwave 
thermograph operating in the frequency band, 9- 10 GHz. This system 
produces a video display of the variations in the emission temperature of 
the human body. To assess the clinical usefulness of the system studies 
were carried out at St. James Hospital, Leeds in the Vascular Surgery 
Department. It was concluded that the technique -is accurate in the 
detection of occlusive vascular disease and may provide useful information 
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in the investigation of patients with occlusive disease and especially in the 
prediction of amputation levels. 
Also in 1987 Fraser, Land and Sturrock carried out an investigation into 
the use of microwave thermography as an index of inflammatory joint 
disease in patients suffering with rheumatoid arthritis. Fifty-two knees 
affected were scanned and a microwave thermographic index was 
calculated for each knee. A strong correlation was found between the 
microwave thermographic index and the clinical and laboratory parameters 
measured. 
Marr, 1992, carried out an investigation to determine whether 
microwave thermography could be used for the investigation of injury of 
the superficial digital flexor tendon in the horse. The microwave 
radiometer used in this investigation was developed by Land (1987). 
Nficrowave profiles were recorded from 77 normal horses. These profiles 
could be separated in specific profile types. In 48 horses with acute injury 
of the superficial digital flexor tendon and 12 horses with acute injury of 
the soft tissues of the palmar meta-carpal region, it was found that an 
elevation of temperature was present over the injured areas. 
Another use of microwave thermography was investigated by al-Alousi 
et al, 1994 in which they used the system to estimate the time after death. 
Using the microwave radiometer they were able to measure temperatures 
of internal organs of the body by placing the antenna on the skin, therefore 
estimating the time of death. This method provides an ethical, non- 
invasive technique for determining. such a measurement. 
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McDonald et al, 1994, carried out a study to determine the usefulness of 
microwave thermography as a non-invasive assessment of disease activity 
in inflammatory arthritis. The equipment used was again developed by 
Land(1987). This study confirmed previous work suggesting that 
microwave thermography may well be a useful tool for the assessment of 
local joint disease. 
Clinical studies of the application of microwave thermography continue 
at several centres in the UK and other European countries. The 
microwave thennography group at the University of Glasgow continues to 
carry out clinical investigations to consider the usefulness of microwave 
thermography in rheumatology, oncology, gastro-enterology as a 
diagnostic aid for heat producing disease. However, microwave 
thermography "has yet to find a secure niche in the medical world". (Foster 
and Cheever, 1992). 
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CHAPTER 2.0 BASIC CONCEPTS OF RADIATION THEORY. 
2.0 Introduction. 
This chapter discusses the basic principles on which the technique of 
microwave thermography is based. 
2.1 Definition of terms. 
The amount of radiant power, dW, in a specified frequency window or 
bandwidth, dv which is transported across an element of surface area, da 
and in directions confined to an element of solid angle dKI is given below. 
The specific intensity, I, is related to this radiant power, dW by 
dW = ICosOdg2dcdv 
where 0 is the angle between nonnal to da and A2. 
Radiation is commonly defined in terms of spectral intensity, 1, or 
specific intensity, I, Specific intensity refers to the combined radiation 
emitted at all frequencies whereas spectral intensity refers to radiation 
emitted in a specified radiation window. Quite often the term "brightness" 
is used instead of intensity. 
In microwave thermography it is the spectral intensity in a limited range 
of frequencies of the microwave region of the electromagnetic spectrum 
which is important. 
16 
2.2 Black body radiation. 
As previously explained in Chapter 1, at temperatures above absolute 
zero all objects radiate energy in the form of electromagnetic waves. In 
1859 Kirchoff showed that a good absorber of radiation is also a good 
emitter. Absorption occurs when there is a transfer of energy to matter 
from radiation passing through matter. The process of a body losing 
energy to its surroundings by radiation is known as emission. A perfect 
absorber is known as a blackbody, and so it must also be a perfect emitter. 
A black body is one which absorbs completely any radiation reaching it 
and reflects none. It remains in' equilibrium with the radiation reaching 
and leaving it, and at a given steady temperature emits radiation with a flux 
density and spectral energy distribution which are characteristic of that 
temperature and is described by Plank's radiation formula. 
B, (T) = 
2h 
2V hv 2.2.1 
Ce 
where B,, (T) is the power per unit frequency emitted per unit area of 
radiating surface at absolute temperature T, (brightness), normal to that 
surface, v is the frequency, h is Planks constant, K is boltzmanns constant 
and c is the velocity of light. 
At frequencies 
hv 
<< 1, the plank function can be simplified to the KT 
Rayleigh -Jeans relation 
2W KT 
- 
2KTV 
-2KT 2.2.2 c' hv c2x 
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So according to the Rayleigh-Jeans radiation law, the Intensity varies 
inversely as the square of the wavelength. 
2.3 Radiative transfer. 
If the specific intensity, I, changes, it can do this only by the absorption 
or emittance of radiation. This change of specific intensity is described by 
the equation of transfer, Eqn. 2.4.5. 
2.3.1 Absorption. 
If a pencil of radiation passes through a material it will be reduced by its 
interaction with the matter. It follows that the specific intensity, I, 
becomes I,, + X, after passing through a distance dz of the material 
therefore 
dI,, = -k,, pIA 2.3.1.1 
where p is the density of the material, k, is the mass absorption coefficient 
for radiation at a frequency, K 
2.3.2 Emission. 
The amount of radiant energy emitted by an element of mass, dm in 
directions confined to an element of solid angle M, in the frequency 
interval v to v+ dv in a time dt is given by 
jýdmdfldvdt 2.3.2.1 
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where j,, is the emission coefficient. 
2.4 Equation of transfer. 
In order to develop the equation of transfer the source fimction must be 
defined as the ratio of the emission to absorption coefficients 
S=I:. 
V 
2.4.1 
The equation of transfer governs the loss of intensity due to absorption and 
the gain in intensity from emission. 
Considering a small cylindrical element of cross section da, length &- 
which has a radiation intensity I,. incident in the z-direction on one face 
and I +d 7,, emerging from the second face in the same normal direction. 
It follows that both faces will absorb and emit part of the incident 
radiation. 
The amount of radiation absorbed is given by 
k. pdzIýdvdcdK2dt 2.4.2 
and the amount emitted is 
j, pdodzd vdf2dt 2.4.3 
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So the total change in the radiation during its traversal of the cylinder is 
given by 
kpI,, + j, p 2.4.4 d. - 
Using Eqn. 2.4.1, the above equation becomes 
I X, 
k. p dz 
This is the equation of radiative transfer. 
2.5 Formal solution to the equation of transfer. 
The formal solution to Eqn. 2.4.5 is given as 
2.4.5 
z()"I. 
I(z) = I(O)e-"") +fS, (z)e- " k,. cdz 2.5.1 
0 
where i(z, z') is known as the optical thickness of the material between the 
points .- and z' and is given by 
r(z, z') f k,, pd. - 
9 
2.5.2 
From Eqn. 2.5.1 it follows that the intensity at any point in a given 
direction is the summation of the emitted radiation at all anterior points, zz , 
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reduced by a factor e-"""', which allows for absorption by the intervening 
material. 
2.6 Equation of radiative transfer in relation to the human body. 
In relation to the human tissue, Eqn. 2.5.2 can be rewritten as 
-r(z, z') = kAz - z') 2.6.1 
due to the uniform density of tissue. 
It follows that Eqn. 2.5.1 can be written as 
z 
I(z) = I(O)e-'-Oz +fS, (i)e-*-"'kjpdz' 2.6.2 
0 
By companng Eqn 2.6.2 with the solution to the wave equation obtained 
for a wave propagating in a material with conduction or dielectric 
absorption losses, Eqn. 3.2.1.5, it is clear that 
k, p= 2a 2.6.3 
where 2a is the radiation power attenuation constant detennined by the 
dielectric properties of tissue. 
By considering the human body to be in thermal equilibrium when at rest 
in a room at constant temperature, it can be assumed that Kirchoffs law 
holds 
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2.6.4 
where B, (I) is the Plank function, Eqn. 2.2.1, and S,, is the source 
function, Eqn. 2.4.1. 
However, as shown earlier the Planck function simplifies to the 
Rayleigh-Jeans relation, Eqn. 2.2.2, at microwave frequencies, so Eqn. 
2.6.2 becomes 
-2= 2VK" -2w'CE I(z) = I(O)e' +f 2aT(z')e 2.6.5 e0 
The physical meaning of Eqn. 2.6.5 is that the microwave temperature 
observed on the skin surface is a result of the summation of the emitted 
radiation at all interior points reduced by a weighting factor of the form 
e -2= which takes into account the tissue microwave attenuation factor. 
However, it should be noted that Eqn. 2.6.5 is for a single material region 
and does not include surface 'enussivity I, due to material discontinuity. 
The resultant intensity from several different regions e. g. skin, muscle 
and fat can be calculated by a simple extension of Eqn. 2.6.5 taking into 
account the inter-regional reflections due to impedance changes and signal 
attenuation across different tissue regions giving 
2 VK' (-2 2 VK 2alt, 
tl+t2 
-2 
7, -12aT(. -. )e ""Idz +2 e- f 2a2T(z)e 'I'dz+------ Ci o Cý t, 
2.6.6 
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where (xl, (x2 are power attenuation constants. Theoretical modelling of 
radiometer antenna spatial response shows a more complex behaviour than 
Eqn. 2.6.6 close to the antenna, but experimental measurements have 
shown that the dominant features of the response are of this form, (Land, 
1987 & Mamouni, 1988). 
If the temperature, T, is uniform throughout the material the intensity 
emitted by a homogeneous piece of thickness, d is given from Eqn. 2.6.6 to 
be 
2 VKT 
(I-e -2az 
c2 
2.6.7 
Now if the optical depth is large (cLz is large), If follows that the intensity 
emitted is approximately equal to that emitted by a black body at the same 
temperature (Eqn. 2.2.2). On the other hand if cz << 1, the intensity 
emitted is of the approximate form 
VKT 
2oz 2.6.8 2 c 
and is less than that emitted. by a black body at the same 
temperature. (Brown, 1989) 
2.7 Antenna response function. 
In 1928 Nyquist showed that the noise power per unit bandwidth at the 
terminals of a resistor, R, and temperature, T, is given by 
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W=KT 2.7.1 
where W is the spectral power per unit bandwidth, K is boltzmanns 
constant and T is the absolute temperature of the resistor. 
If the resistor is replaced by a lossless antenna of radiation resistance, R, 
in contact with a lossy material of the same impedance and is connected to 
a terminating resistor of a lossless transmission line then the terminating 
load radiates an average power of KT watts per unit bandwidth through the 
transmission line and into the lossy material if the system is in thermal 
equilibrium. If this condition holds then the antenna must also receive KT 
watts per unit bandwidth from the lossy material. However if the antenna, 
transmission line and load are not in thermal equilibriurn with the lossy 
mediurn the antenna must still receive the same power per unit bandwidth. 
The power per unit bandwidth, P, received by the antenna can be 
expressed as 
2.7.2 
2 
where I,, (?: ) is the intensity of radiation at a position r, with origin at the 
position of the antenna. P ,, 
(r) is the normalised power response pattern of 
the antenna given by 
P(r) (r) 2.7.3 
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where P(r) is the relative antenna power pattern and P(L).. represents the 
maximum power response pattern of the antenna (Kraus, - 196 1). 
Any antenna is responsive to only one polarisation component, so since 
thermal radiation is of an incoherent, unpolarized nature, only half of the 
total incident power is present in Eqn. 2.7.2. 
For a radiating antenna, the propagation power density of the wave is 
given by 
2.7.4 
where E. is the electric field strength and q is the intrinsic wave 
impedance. 
The noise power, per unit band width received by the antenna is then 
given by 
P= iýK Af 2aT(r)IE(r)12 dV 2.7.5 
c2v 
for an impedance matched, uniform material. 
The reciprocity theorem (Slater, 1942) provides a way of measuring the 
normalised power response pattern. The theorem states "that if there is a 
four terminal network, which may include radiation as part of its elements, 
and a given voltage impressed on two of the terminals produces a given 
current at the other two, then the same voltage impressed on the second set 
of terminals will produce the same current on the first set. When 
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discussing a system of two antennas, each with its two terminals, the 
theorem is used to compare the radiation from the first antenna toward the 
second, and the radiation from the second toward the first. " Following the 
above argument the transmitting and receiving power patterns of an 
antenna must be identical. Therefore the power dissipated in an element 
when an antenna is radiating into the lossy medium is proportional to the 
power received from that element when the antenna is receiving. The 
power dissipation density is thus given by 
I 
OE2 0 2.7.6 
where a is the conductivity (fl-Im-1) and E= EO eý" is the electric field. 
So by reciprocity the power response pattern must be proportional to the 
power dissipation density, Eqn. 2.7.6 which gives 
p (r) =. 
AIE(r)12 2.7.7 n 
where A is a constant of proportionality. 
Considering Eqn. 2.6.8 the intensity of radiation emitted by a small 
thickness, dz of homogeneous material is given by 
2 VKT(E) 
2 adz 2.7.8 
c 
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By substituting Eqns. 2.7.7 and 2.7.8 into Eqn. 2.7.2, the power per unit 
bandwidth received by the antenna can be expressed as (Eqn. 2.7-5) 
P= 
VK 
A 2aT(r)IE(r)12 dV 2.7.5 7v 
for an impedance matched, uniform material. 
From thermodynamical considerations the power received per unit 
bandwidth is equal to KT thus Eqn 2.7.5 can be written as 
t; 2a Af 
JE(r)2 ýV 
=12.7.9 
c2v 
In general for a lossy material, it is difficult to determine theoretically the 
distribution of E(r). However, the antenna pattern may be described 
approximately by an exponential variation in the direction of the central 
axis of the antenna in a single region of tissue. The effect of the varying 
lateral response, over an area slightly greater than that of the antenna, is 
often removed by considering the viewed temperature pattern to be uniform 
over this area. ' 
Because of the above reciprocity relationship, "active" field measuring 
techniques can be used to find the weighting functions of practical 
antennas: 
1. by field sensing with a very small probe, essentially a small antenna 
(Mwnouni, 1988). 
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and 
2. by field perturbation by small conducting or dielectric objects (Land, 
1988). 
Both these techniques have been used to measure dielectric phantom 
materials with properties simulating body tissues. A ftirther discussion of 
the antenna response function is given in Chapter 4, section 4.5.2. 
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CHAPTER 3.0 DIELECTRIC PROPERTIES OF BIOLOGICAL 
TISSUE. 
3.0 Introduction. 
In this chapter a brief outline of the processes which give rise to the 
absorption of energy from microwave radiation propagated in biological 
materials will be given. In the microwave region of the electromagnetic 
spectrum body tissues behave as lossy dielectric material. However 
biological tissue is a complex mixture of water, ions and membranes, so 
prior to the discussion of tissue dielectric properties, tissue structure 
and composition will be discussed. 
3.1 Biological tissue structure. 
Within the human body, biological tissues consist of cells which have 
undergone various developments in order to perform different 
functions. Cells consist of a mass of protoplasm which contains 
proteins, polysaccharides, nucleic acids and lipids which are bound by a 
delicate membrane. Molecules of the protoplasm are suspended in 
intra-cellular electrolyte. Cells are suspended in an aqueous 
environment of intercellular electrolyte. Intracellular water contributes 
approximately 67% of the body total water content, intercellular fluid 
25%,, and the remaining 8% is accounted for by plasma (extra cellular). 
These fluids are basically electrolytic solutions. However, the fluids 
differ in that plasma and intercellular water may be treated as 0.9% 
sodium chloride, NaCl, solution, where as the intracellular water has a 
high concentration of potassium ions. In contrast to fat and protein, 
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water has strong dielectric properties and thus dominates the dielectric 
behaviour of tissues. 
3.2 Behaviour of electromagnetic radiation in lossy dielectric material. 
The behaviour of electromagnetic radiation in a dielectric depends on 
the electrical conductivity, a (Snf), and the dielectric constant, C 
(Frff'). The permittivity or "dielectric constant" of a material is a 
measure of the extent to which the electric charge distribution in the 
material can be 'distorted' or polarized by the application of an electric 
field. The displacement of charges within the atoms or molecules of a 
dielectric makes each atom or molecule a dipole- with a particular 
moment, p. If p is the average dielectric dipole moment per molecule 
in a small volume, r, and N is the number of molecules per unit 
volume, then 
P=Np 3.2.1 
In other words, the electric polarization , P, is the dipole moment per 
unit volume at a given point (Corson & Lorrain). At radio/microwave 
frequencies the use of a complex dielectric constant is common as in 
this frequency band a phase lag between the field and the dipole 
orientation develops, and energy is drawn from the electrical source by 
the material and is dissipated as heat. This is dielectric loss. The 
complex dielectric constant. can be written in terms of real and, 
imaginary parts 
6= 6: -ii 3.2.2 
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where i is the "relative pen-nittivity" and i the loss factor. 
The loss tangent of a dielectric material is defined to be 
16 
1 
tan(5= . 6 OM 
3.2.3 
where a is taken to be the equivalent conductivity for all loss forms. 
At electrolyte concentrations found in body tissues, the equivalent 
conductivity for dielectric power loss in water by the Debye relaxation 
process is similar to the electrolytic ionic conductivity at the lower 
microwave frequencies . (Land, 1987). The water dielectric constant 
is 
nearly constant close to its low frequency value and so a pronounced 
minimum occurs of the electrolyte loss tangent at about 3GHz for 
electrolyte temperatures of 35 - 37C. In body tissue, since conductivity 
and dielectric constant tend to show similar variations with water 
'content, tissue loss tangents can be expected to show a similar 
minimum. Fig. 3.0 shows the variation of loss tangent of human tissue 
at 37C at microwave frequencies. From this figure a pronounced 
minimum in the loss tangent at 3GHz can be seen. 
3.2.1 Wave propagation in a lossy dielectric. 
By considering a time harmonic plane-wave propagating along the z- 
axis in an infinite,, homogeneous, isotropic, linear medium a wave 
equation can be deduced using Maxwell's equations. In a material with 
dielectric losses, a>0 and so Joule heating occurs and the wave 
energy decreases. To obtain the wave equation the following Maxwell 
Equations are used: 
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Fig. 3.0 Variation of loss tangent of human tissues at 
microwave frequencies at 37C (from Brown, 1989). 
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Maxwell 3: 
3.2.1.1 
CurIE = -io), u,, H 
Maxwell 4: 3.2.1.2 
CurIH = uE + io)eE 
This gives the Hehnholtz wave equation 
2 OE g2 E E=pýo- =+pýc ý 3.2.1.3 at ot, 
where the first term on the left hand side is the damping terin of the 
power loss to the material (Corson & Lorrain). The solution to Eqn 
3.2.1.3, split into its real and imaginary parts, can be written as 
+13.2.1.4 
J2 1+ ý; l 
with the imaginary part, a given by 
3.2.1.5 V-2- I+ 
The imaginary part is the field attenuation constant mentioned in 
section 2.6.3 and is related to the power penetration depth by Eqn 
4.5.2.1. In a perfect dielectric cr = 0, so there is no attenuation of the 
2 wave. The real part is then equal to where A is the wavelength in 
the material. 
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Considering the dielectric properties of tissues at the frequencies of 
interest, Eqn. 3.2.1.5, can be approximated to by 
2a= Z u 
ý --7, 
3.2.1.6 
where 2a is the wave power attenuation coefficient and Z,, = 
Fýý600- 
I 
is 
the vacuum wave impedance. The wave power attenuation coefficient 
can also be written as 
2; r - 2a ýt- AO c, tang 
3.2.1.7 
where Ao is the vacuum wavelength. 
3.3 Dielectric loss mechanisms of water and electrolytes. 
In order to determine the plane wave power penetration at a given 
frequency it is essential to know the dielectric properties e, a of the 
tissue at that frequency. The frequency dependent dielectric behaviour 
is characterised by the presence of 4 dispersions, Fig 3.1, covering the 
audio to infra-red frequency range. The dispersions being labelled oc, 
6,7. 
The oc - dispersion is most probably due to counterion polarization 
around the cell membrane and is important over the I OOHz to I OOKHz 
range. 
The 0- dispersion is a result of the non-homogeneity of biological 
material which causes charge accumulation at interfaces between media 
(JUBISUOO 3ý431131P)20rj 
ci 
I 
tý 
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.2 tb 
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0 
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of differing dielectric properties. This dispersion occurs in the 
megahertz range. 
The 8- dispersion is a small dispersion which takes place between 0.1 
to I GlIz and is due to relaxation of bound water, rotational relaxation 
of polar side chains and contributions from small polar molecules. 
Finally the y- dispersion occurs at approximately 26GHz and is a 
result of the dipole relaxation of the water component of plasma, and 
intracellular and interstitial fluids in tissues. 
From the above description of the relaxation processes which occur it 
can be assumed that in the microwave frequency range it is the water 
dependent processes which are important i. e. the 8 and y dispersions. 
3.3.1 Losses in electrolytic solutions. 
Two main power loss mechanisms may be applied to describe the 
frequency dependent nature of the dielectric properties of polar fluids. 
These are the Debye or polarization loss and the ionic conductivity of 
intercellular fluids. 
The Debye polarization loss can be described as the transfer of energy 
when polarizing the molecules to align them with the radiation electric 
field, then the transfer of this energy to thermal vibration of the 
molecules as they "relax" from alignment. The simple Debye relaxation 
theory has been extended by Cole-Cole. In this formulation a spread of 
relaxation times for the polar molecules is allowed for, compared to 
only a discrete relaxation time in the Debye Theory. However, since in 
water the spread of relaxation times is small, the Debye Theory can be 
used to give an adequate description of the dielectric properties of 
water. (Hasted). 
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The Debye equations describing the dielectric behaviour at angular 
frequency, co, are commonly given as 
and 
(e - 
22) 3.3.1.1 
3.3.1.2 
where e. is a high frequency limit of the dielectric constant at millimetre 
wavelengths, -, is the static. or low frequency value of the dielectric 
constant, and r is the characteristic relaxation time. 
Now if r is the characteristic time for the relaxation process, 
determined by temperature and the viscosity acting on the molecules, 
the energy transfer is most efficient when f =I/ r. From Fig 3.2, the 
Debye dielectric dispersion of water, it is clear that over a range of 
radio frequencies the complex dielectric constant reduces considerably 
from its static value, E: s, to its high frequency value, coo. For water the 
characteristic frequency of rotation , I/ r is approximately 26GHz at 
37C and the high frequency dielectric constant is about 4.5. The static 
dielectric constant is approximately 78. (Hasted). Over the lower 
microwave frequencies of interest for microwave imaging - 1-6GHz, 
the water dielectric constant changes very little from its large static 
value. 
As mentioned previously in 3.1 the body's fluids can be considered to 
be basically electrolytic solutions. These intercellular fluids are close to 
0.9 % saline solution. The ohmic heating loss of form 
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density of power dissipation) where E is the wave field amplitude, is 
due to ionic conductivity of the ions and must be added to the pure 
water loss factor due to Debye relaxation. So the total effective 
conductivity is of the forin 
0' =07 e electrolytes 
+ arel=atjonloss 
3.3.1.3 
where a., &xatiou loss = coi, 
which covers the basic types of loss. 
3.4 Behaviour of the dielectric properties of tissues at 3GHZ. 
A considerable amount of research has been performed looking at the 
dielectric behaviour of tissue and its relation to its water content. The 
actual relationship between the water content and dielectric properties is 
in some case's difficult to define, possibly as a result of some of the 
water being 'bound'. It is also uncertain as to whether 'bound and 'free' 
water molecules in tissue have the same characteristic frequency of 
rotation and high and low frequency limits of dielectric constant. 
As explained in section 3.2 the water content, of tissues is -the 
dominant factor in determining the dielectric properties of tissues at 
3GHz. However, water in biological systems is present in both 'bound' 
forms and as 'free' water depending on its proximity to membranes or 
interfaces, 'bound' water is associated with biological substrate e. g. 
protein, DNA. The 'bound' water compartment is a relatively fixed size 
and contains water which is structured by individual binding sites in 
tissue. This 'bound' water is unable to rotate freely in an alternating 
electric field. ( Kuntz & Cooke, 1974) In comparison the free water 
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compartment contains the less strongly held water and is thought to be 
present as a result of a dipolar interaction. 
Mixture equations have been developed (e. g. Maxwell 1881, Fricke 
1924, Bruggeman 1935) which attempt to describe the dielectric 
properties of suspensions of particles in terms of the suspended and the 
suspending mediums, and the relative volumes of the two mediums 
present (Brown, 1989 & Campbell, 1990). 
Maxwell, 1881, was first to derive a mixture equation for the thermal 
conductivity of a dilute suspension of identical spheres. Maxwell's form 
of mixtures for dielectric media can be expressed as 
- 
''62s _' 
CL, - f2s' 0 3.4.1 1 
+ 2q,, eL, + 2q,, 
where q,, is the medium of'static dielectric constant in which spherical 
particles of static dielectric constant % and radius ai randomly fill a 
spherical volume of radius R. 0 is the volume fraction of medium 1. 
The Maxwell form of the mixture equations could be applied to a tissue 
model to be a suspension of spherical particles in physiological saline 
solution. It is assumed that the suspended particles have no effect on 
each other. 
Fricke, 1924, introduced a geometrical form factor x which allowed 
the particles to be oblate or prolate spheroids. Fricke's equation can be 
written as Iý 
. 
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where x is a fimction of the axial ratio of the ellipsoids and the ratio of 
the static dielectric constants of the two phases. 
In more concentrated dispersions the electrical interactions among 
particles are not negligible. Bruggeman, 1935, devised an integral 
procedure which consisted of building up the spherical dispersion 
system by successive additions of ffifinitesimal amounts of the disperse 
phase. The Brugemann equation is written as 
1-0 y 
3.4.3 
1 
g2. 
i 
1-0 
Most biological materials cannot be categorised as simple two-phase 
mixtures, so therefore predictions from the mixture theories must only 
be considered as a qualitative guide. However, mixture theory has been 
applied successftdly to describe the dielectric behaviour of blood and 
suspensions of proteins (Cook). 
For this study the biological tissues of interest are muscle, skin, and 
fat. Table 3.0 gives the water content of these tissues. It is clear from 
the table that biological tissues can be separated into three groups from 
their water content as follows 
Water content 
low water content (0-30)% 
medium "" (30-60)% 
high water content (60-100)% 
Type 
Fat, bone 
Skin, some breast tissue 
Muscle, blood. 
Tissue 
Whole blood 
Blood plasma 
Blood corpuscles 
Muscle 
Skin 
Fat 
Water content (% weight) 
78.5 
91 
68-72 
70-80 
62-76 
5-20 
Table 3.0 Water contents of human organs and tissues. 
(Compiled from Brown, 1989).,,,, 
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Fig 1.0 in Chapter I shows that tissue properties are such that for many 
applications the optimum measurement frequency is near 3GHz. At this 
frequency temperature pattern information can be obtained for tissues at 
clinically useftd depths of several centimetres within the body (Land, 
1989). It is clear from this graph that the transmission of radiation 
through tissue varies depending on the tissue water content. Low water 
content tissue has a higher penetration depth than high water content 
tissue. 
Dielectric properties of fat, bone, bone marrow, muscle, whole blood 
and skin are given in Table 3.1 (Compiled from Brown, 1989). Again 
there is a distinct difference between the dielectric properties of high 
and low water content tissues. A summary of the information given in 
Table 3.1 is given in Table 3.2. 
The variation of the dielectric constant at 3GHz with water content for 
body tissues is shown in Fig 3.3 (Land, 1987). A clear relationship 
between dielectric constant and water content is shown. 
The effective conductivity, cr, or loss factor, i, for power loss will, 
through the mixture relations, have a similar dependence on water 
conten t to the dielectric constant, i, This is well shown by Fig. 3.4. 
This relationship will be discussed further in Chapter 5.0. 
Tissue Dielectric Loss Power Reference 
type constant factor penetra- 
tion 
depth(cm) 
Fat 3.9-7.2 0.67-1.36 2.3-6.2 Herrick 
4.92 1.46 2.4 Cook 
0.87 3.7 Cook 
7.0 1.75 2.4 Cook 
11.6 2.25 2.4 Cook 
5.2 1.5 2.4 England 
7.2 1.7 2.5 England 
Bone 7.5 ý1.0ý 4.3 Herrick 
8.35 1.32 3.4 Cook 
Bone 4.2-5.8 0.7-1.35 2.4-5.6 Herrick 
Marrow 
Muscle 45-48 
50 
51 
52 
Whole 55-56 
blood 
56 
53 
13-14 0.77-0.85 Henick 
17.1 0.67 Cook 
18 0.64 Cook 
18.9 0.62 Cook 
15-18.6 0.65-0.80 HerTick 
15.9 0.76 Cook 
15 0.78 England 
Table 3.1 Dielectric properties of human tissues at a frequency of 3GHz 
and at 37C (Compiled from Brown, 1989). 
Tissue Dielectric Loss Power Reference 
type constant factor penetra- 
tion 
depth(cm) 
Skin 40 13.1 0.80 Cook 
42.4 13.1 0.80 Cook 
51.1 15.2 0.76 Cook 
40.9 16.8 0.62 England 
50.2 14.8 0.77 England 
52.2 17 0.68 England 
Table3.1(contd) Dielectric properties of human tissues at a frequency of 
3GHz and at 37C (Compiled from Brown, 1989). 
Tissue Water Range Range loss Range 
type content dielectric factor, i, power 
constant, penetra- 
tion 
depth(cm)_ 
Fat 0-30 3.9-11.6 . 67-2.25 2.3-6.2 
Bone 0-30 7.5-8.35 1.0-1.32 3.4-4.3 
Skin 30-60 40-52.2 13.1-17.0 . 62-. 80 
Muscle 60-100 45-52 13-18.9 . 62-. 85 
Blood 60-100 53-56 15-18.6 . 65-. 80 
Table 3.2 Summary of dielectric properties of human tissue taken at a 
frequency of 3GHz at 37C 
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Fig. 3.3 Variation of dielectric constant at 3GHz with water content 
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CHAPTER 4.0 MICROWAVE THERMOGRAPHY. 
4.0 Introduction. 
Nficrowave then-nography is the technique of observing the naturally 
emitted thermal radiation from body tissues at centimetric wavelengths. 
This method of body temperature measurement using the natural 
thermal radiation from the tissues of the body to obtain information 
about internal temperatures is attractive to clinicians since the technique 
is passive, non-invasive and safe. 
The intensity of the natural microwave radiation from the body is very 
small, giving a signal at the input of the receiver of only about 
10"Watts. The noise power at the same wavelength from most 
surroundings and from the measuring equipment itself is of a similar 
order, therefore, detection of the signal is difficult. These problems 
have been overcome by using techniques originally developed for radio 
astronomy. 
4.1 Basic elements of a microwave thermography system. 
In order to provide medically useful information the following points 
must be considered when designing a microwave thermography system: 
temperature resolution 
lateral spatial resolution 
tissue penetration depth 
system response time 
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Experience has shown that to be of any use to clinicians the 
equipment must have a temperature resolution of approximately O. IC. 
The spatial resolution should be 10mm to 20mm and the tissue 
penetration depth 10mm to 40mm. Both of these spatial parameters are 
dependent upon the frequency at which the measurements are taken. 
Finally, the system response time should be as short as possible, though 
for simple investigations it can be comparable to that for convenient 
hand measurements. 
To meet these requirements, a Dicke type comparison radiometer 
receiver is used, in which the radiation signal being measured is 
compared with the thermal noise signal from a resistive source of 
known temperature close to the tissue temperature. 
The remainder of this chapter will consider the optimum 
measurement frequency, factors which affect temperature resolution, 
the Glasgow design of microwave radiometer and some aspects of 
antenna design. Fig. 4.0 shows the basic thermography system. 
4.2 Choice of optimum measurement frequency. 
The choice of measurement frequency is almost independent of tissue 
type. As mentioned in Chapter 3, tissue water content varies from 
about 8- 26% for fat and bone (low water content) to 62 - 80% for 
muscle and skin (high water content). Also, the majority of tissue 
water is present as 0.9% NaCl solution. - 
As previously mentioned the spatial resolution and penetration depth 
are both highly dependent on the measurement frequency. So it follows 
that the radiation attenuation constant, cc and tissue wavelength, ATare 
important quantities when choosing an optimum measurement 
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frequency. The spatial resolution is of the order of 1/2 the wavelength 
in the tissue, AT and is given by 
AT 
= 
AO 4.2.1 
22 jFc, 
where AO is the free-space wavelength and i, is the relative dielectric 
constant. So it is clear that as the operating frequency increases, A, 
decreases and as a result the attainable spatial resolution of the source 
temperature patterns improves. However, in Chapter I it can be seen 
from Fig 1.0, that the transmission of radiation decreases as frequency 
increases, and for the measurements to provide clinically useful 
information the penetration depth must be of the order of 10mm. to 
40mm. It was shown in Chapter 3 that for electromagnetic radiation 
travelling through tissues, the complex propagation constant is used. 
For practical purposes, a, the wave field attenuation constant is given 
by 
a= 
7c 
tan AO 61, 
4.2.2 
where tanS, is the tissue loss tangent and is defined by Eqn. 3.2.3. 
and 
2; r 4.2.3 AT 
is the phase constant with AT the wavelength in tissue. 
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Now the product of equations 4.2.1 and 4.2.2 varies as tan8. This is 
essentially the product of the spatial resolution and the inverse of the 
attenuation length. Therefore it can be assumed that an optimum 
measurement frequency occurs at a minimum of the loss tangent. As a 
result of the dielectric behaviour of physiological saline, discussed in 
Chapter 3.0, there is a pronounced minimum at around 3GHz. (Fig. 3.0). 
It follows that the optimum measurement frequency should be around 
3GHz for many potential medical applications. (Land, 1983). 
4.3 Factors which affect the temperature resolution. 
The two factors which affect the temperature resolution are the 
randomly fluctuating nature of the measured noise signals and gain 
fluctuations of the measuring radiometer. 
4.3.1 Thermal signals. 
A radiometer is used to detect a window of frequencies of randomly 
fluctuating thermal electromagnetic signals. The temperature resolution 
achievable by a radiometer is given by the Gabor relationship, 
AT,. = K7, ' 4.3.1.1 . sqrste- 
FYB 
where A7:. is the root mean square fluctuation of the mean measured 
temperature signal, K is the radiometer constant, approximately 2, T,,,. 
is the system noise temperature at the antenna terminals where 
T, =T+4.3.1.2 system ource 
Tchorneter 
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T 
,,, 
is the source temperature at the anterma and is the so 
effective noise temperature at the input of the receiver and includes the 
effect of antenna and input circuit losses. B, and B are the post and 
pre-detection bandwidths of the radiometer. 
To obtain optimum combinations of temperature resolution and 
system response time, must be minimised and B, - pre-detection 
bandwidth, maximised. However, since the source noise temperature, 
at the input of the receiver is close to 310K there is little to be 
gained by reducing below about 300K. Pre-detection 
bandwidth, B is set by technical requirements such as antenna 
impedance matching and so it cannot be increased beyond about 20 % 
of the operating frequency. (Land, 1983) 
4.3.2 Gain fluctuations. 
The gain, G, varies significantly with amplifier ambient temperature 
and supply voltage changes. The effect of supply voltage changes is 
easily overcome by providing a stabilised supply voltage. However 
variations in the gain, G, due to active device temperatures can be only 
approximately compensated. 
The effect of gain fluctuations can be greatly reduced by using a 
Dicke comparator radiometer as shown in Fig 4.1, in which the receiver 
produces an output at the input switching frequency that is proportional 
to the difference between and the temperature of an internal 
reference load, T,, f . If the reference temperature is close to the noise 
temperature, the difference signal is relatively small and the effect of 
receiver gain fluctuations is reduced. Fig 4.1a shows how the size of 
the post-detection square wave signal at the switching frequency 
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represents the difference in magnitude between the signal from the 
antenna and the reference source. A synchronous detector is used to 
measure this signal and give an output which is directly proportional to 
the difference in magnitude between the temperatures. (Brown, 1989) 
It is shown in Fig 4.1 a that 
G(7ý,, + Tj 4.3.2.1 a 
which simplifies to 
G(T - Tl) source 4.3.2.2 
where R, receiver output reading is proportional to the receiver gain, 
T and ý-. Thus there is no dependence on 1'. So the average , ource rej C, 1P * 
noise is removed and only a much reduced gain dependence remains. 
4.4 Glasgow microwave radiometer system. 
The microwave radiometer systems in use in the Glasgow teaching 
hospitals have been developed by Dr. D. V. Land since 1981. The 
systems are designed for clinical use and as a result are portable, robust 
and simple to operate. Fig 4.2 shows a photograph of a typical 
Glasgow radiometer. The radiometer operates at 3GHz because as 
discussed above at this frequency clinically useftil combinations of 
spatial resolution and penetration distances can be obtained. (Chs. 3& 
4) An outline of the design of the radiometer is shown in Fig 4.4. 
Fig. 4.2 Glasgow clinical microwave then-nography system. 
Coaxial line Fin-line transition Dielectric loading 
connector material. t-. 12 
22mm 
TE II niode E ficld 
Fig. 4.3 Glasgow antenna design. 
50mm 
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4.4.1 Basic operation. 
This section will give a brief description of the operation of the 
Glasgow system. 
Through the use of a Dicke switch between the antenna and a 
reference source, the radiation signal being measured is compared with 
a thermally generated signal from a, source of known temperature. The 
signal from the source cannot pass directly into the radio-frequency 
detector because its equivalent noise temperature is too high, so it is 
necessary to perform "low-noise" microwave amplification between the 
antenna and the detector. By referring to Fig 4.4 it is seen that the 
signal is passed through a low-noise GAs FET pre-amplifier for the 
measurement frequency range (3.0 - 3.5)GHz. The signal is then 
frequency changed by a mixer and local oscillator at 3GHz to an 
intermediate frequency band of (20-500)MHz for further amplification 
before detection. The above method is known as a "super-heterodyne" 
system. Detection is by a "back-diode" semiconductor diode which is a 
form of tunnel diode which has low resistance for good matching to the 
preceding amplifier and low sensitivity to ambient temperature 
variations. Finally, the amplified and detected input difference signal, 
Eqn 4.3.2.2, at the IKHz switching frequency, is amplified, passed 
through a synchronous detector and a low pass filter. Since clinicians 
want a "meaningful" output, the microwave temperature difference is 
added to the electronically measured reference source temperature 
signal and scaled to provide a calibrated antenna microwave 
temperature in degrees Celsius. 
The reference thermal noise source is a microwave 5092 coaxial load 
heated to approximately 40C. This temperature is measured using a 
antenna 
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noi se 
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Fig. 4.4 Glasgow microwave radiometer outline. 
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semi conductor temperature sensor. When the Dicke switch is on the 
antenna position, the noise from the reference source is directed to the 
antenna by the microwave circulator (Fig 4.5). When the noise signal 
from the reference is directed to the antenna by the circulator some of 
the signal is reflected at the antenna-skin boundary back into the 
receiver. This partially compensates for the radiation reflected 
internally into the tissue. This is shown schematically in Fig 4.5 . The 
accuracy of this system is dependent on how close the reference and 
source temperatures are to one and other. The effective reference 
source temperature at the Dicke switch is reduced by the loss in the 
circulator and the switch, and attenuation between the circulator and 
reference load introduced to balance the input circuits for ambient 
temperature variation. The effective temperature difference between 
source -and reference is usually less than M(Land, Electronic Letters, 
1983) 
4.4.2 Radiometer sensitivity. 
As stated in section 4.3. L, the temperature resolution or sensitivity 
achievable by a radiometer is governed by Eqn 4.3.1.1 
eYB 
4.3.1.1 
where 
TIY. 
Item 
='Tjource +Traifiometer 4.3.1.2 
With reference to the Glasgow system, K is 2 and 7ýu.. is 310K 
(approximately equal to the temperature of the human body). 
is the effective noise temperature at the input of the receiver and 
to receiver input 
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b switch 
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--- 
-3 (T... ) 
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Fig. 4.5 ,., Iicrowave Dicke switch and circulator operation 
(a) Switch Open 
Tref 
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includes the effects of input circuit losses (antenna, switch, cables and 
circulator) and the GAs FET amplifier and is approximately 400K - 
600K for the various Glasgow systems. The system response time is 
determined by the post-detection to pre-detection pass band ratio. This 
response time is optimised by using a critically or slightly under- 
damped filter response. As noted above, 4.3.1, B is determined by the 
need for reasonable antenna to 50K2 coaxial cable matching over the 
measurement bandwidth, as well as the avoidance of possible 
interference signals. If the fluctuations of the output signal have an 
approximately Gaussian distribution, for 95 % of the time the signal 
will be in a range of equivalent temperature width 3.92 ATrms . This 
value is considered a reasonable measure of the temperature resolution 
of the system (Land, 1983). Using the information given in this and 
previous sections the following summary information about the 
Glasgow radiometer can be given: 
- temperature resolution - 0.1 C-0.2 C 
" spatial resolution - 10mm - 20 mm. 
" tissue penetration -I Omm. - 40mm. 
" system response time - Is -3s 
This concludes the sections on radiometer design and sensitivity. The 
following sections will cover some aspects of antenna design. 
4.5 Antenna design. 
A wide range of microwave antennas have been designed for use in 
direct contact with the skin at frequencies above 20OMHz for both 
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radiometry and hyperthermia induction. The most commonly used 
contact antennas are dielectric loaded rectangular wave guides, with the 
dominant mode in the aperture of the antenna being the TEIO mode. 
The loading of the wave guide with a dielectric material allows a 
reduction in the linear dimensions of the antenna since it reduces the 
wavelength by a factor of -IT, in the dielectric, and lowers the wave 
impedance by the same factor. Typical loading dielectrics have relative 
permittivities in the range 10 - 20. 
4.5.1 Glasgow antenna. 
The antenna currently being used in the Glasgow Microwave 
Thermography systems is a cylindrical wave-guide antenna with 
dimensions of 22mm diameter x 50mm length. It is loaded with a low- 
loss dielectric material (Emerson and Cummings, Eccoflo HiK dielectric 
powder, Cr ý 12) to achieve good coupling to the body tissues. Fig 4.3 
shows how the antenna uses a tapered fin-line type wave-guide to 
coaxial line transition. The allowed propagation modes in the operating 
bandwidth of 3.0 - 3.5 GHz are TE,, and TMO, with the cut-off 
frequency for these propagation modes being 2.3GHz and 3. OGHz 
respectively. However, the finline transition will only couple to the 
former propagation mode, TE, (Mimi, 1990). As mentioned in 
sec. 4.5, the most commonly used contact antennas for clinical 
measurements are rectangular wave guides with the dominant 
propagation mode , TE, Commonly used rectangular wave-guide 
antennas (e. g Mamouni, Lille) have 2: 1 side ratio. This leads to a 
greater spreading of the antenna response in the E-plane (narrow 
aperture direction) and reduces response with depth. The circular 
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aperture TE,, mode antenna has a nearly circular symmetric response 
and a much smaller field discontinuity at the aperture than the 
rectangular section antenna. This gives it the best of all response with 
depth of any antenna. In practice, layering of tissues has a much larger 
effect than the variations between reasonable antennas forms. 
4.5.2 Measured properties of antennas. 
The microwave radiometer antenna response pattern determines the 
contribution of a small volume element of the tissue to the total signal. 
However, the antenna pattern is highly dependent on the operating 
frequency, dimensions and geometry of the guide, dielectric loading of 
the guide, dielectric properties of the observed tissue and tissue 
geometry. The antenna response pattern can be determined in two 
vvays; - 
1. theoretically 
2. experimentally 
It is very difficult to calculate the response pattern theoretically. In 
order to theoretically calculate the pattern, numerical methods are used, 
in which the tissue geometry is assumed to be in planar layers. 
Theoretical/computational modelling of antenna response patterns is 
being developed by the microwave radiometry research groups at the 
University of Lille (Leroy, Mamouni & Borquet) and University of 
Rome (Bardati). These models are at the stage of being compared with 
experimentally measured response patterns. They appear to show that 
tissue layering has a strong influence on the response patterns. 
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Experimental determination of the pattern s performed using 
64phantom" materials which simulate the dielectric"'properties of the 
tissue. 
The antenna pattern reduces the effective penetration depth of the 
microwave radiation from that of the plane wave penetration depth. It 
should be noted that S, the effective power penetration depth is related 
to the effective field attenuation constant ,d 
by 
4.5.2.1 
2d 
The effective power penetration depth must always be less than the 
plane wave power penetration depth, Fig 4.6, and it is important to 
realise that the plane wave power penetration depth in tissue indicates 
the maximum performance of a radiometer system. For practical 
microwave thermographic measurement, the radiometer antenna must 
produce a large plane wave far-field zone with a minimal near field 
zone to give maximum signal contribution with depth in the viewed 
material. 
The microwave radiometer antenna response is generated as shown in 
Figs. 4.7,4.8 & 4.9. Fig 4.7 represents the configuration of the near 
and far field zones. It is clearly shown that the response pattern of the 
near-field zone differs from the far-field zone where the field is 
perpendicular to the antenna axis. Fig 4.8 shows the behaviour of the 
microwave signal inside the body tissue. It is clear from the figure that 
if an element . dz, of body tissue is considered, the microwave signal 
will be generated from that element and the microwave signal in the 
region between dz element and the antenna is attenuated by the factor 
relative (fiaid)2 
0.1 
0.01 
10 15 20 25 mm 
axiat distance 
Fig. 4.6 Cylindrical radiometer response to signals integrated over the 
plane normal to the axis. 
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10. z 
Fig. 4.7 Configruration of the near- and far- field zones. 
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e -2= , where a 
is the attenuation constant of the region z. The 
microwave signal received by the antenna is then the integral of the 
signal from the dz element over the z region. 'Me antenna response 
pattern inside body tissue is shown in Fig 4.9. The radiometer receiver 
gives the temperature of the viewed region weighted by the complete 
antenna response pattern. So the total power obtained from the 
microwave radiometer is given by 
2af W(Z)e-2=e -2w T(--)dz 4.5.2.2 
v 
where w(z) is the weighting function (ref. Chapter 2.0) 
The Microwave Thermography Group at the Universite de Lille, 
France have performed numerical calculations to determine the 
effective penetration depth from a number of waveguide aperture sizes 
operating at frequencies of 1,3 and 9 GHz and filled with dielectrics of 
dielectric constant I to 25. The effective penetration depth in two 
types of homogeneous tissue was calculated; one representing the 
dielectric properties of muscle and the second fat. In both cases the 
effective penetration depth was reduced by decreasing the width of the 
guide. These results are to be expected as diff-raction effects increase as 
the ratio of the aperture size to wavelength in tissue decreases. Larger 
diffiraction effects widen the lateral response of the antenna and so 
reduce the on-axial response causing a decrease in effective penetration 
depth. (Mamouni, Lille) 
The dielectric loading of the guide and the waveguide dimensions 
also determine the wave impedance of the guide. At the antenna-tissue 
boundary, an impedance mismatch occurs which results in a reflection 
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of the radiation signal from the tissue. Ideally this reflection should be 
kept to a minimum. It should be noted however that although closer 
values of the dielectric constant of the guide and tissue reduce the 
reflection, the reflection coefficient will be less than 0.2 if the ratio of 
dielectric constant of the guide to tissue ratio is between 0.5 and 5. 
(Nguyen et al, 1980) 
The response pattern of the cylindrical antenna used in this research 
has been experimentally measured using a non-resonant perturbation 
technique. Non-resonant perturbation is a simple technique which can 
be used to measure electromagnetic fields in a lossy material close to an 
antenna. It has been used to measure the effective penetration depths in 
several different dielectric materials with properties simulating body 
tissues (Land, 1988). This technique has the advantage that it gives a 
direct measurement of the square of the electric field (E') distribution 
in the material coupled to the applicator. 
The previous discussion has mentioned the dependence of the antenna 
pattern on the operating frequency, dimensions and geometry of the 
guide and the dielectric loading of the guide. The last point to be 
mentioned in this chapter is the effect of the observed tissue on the 
antenna pattern. In 1980 Edenhofer computed the near-field 
characteristics of a rectangular wave-guide antenna in contact with 
planar layers of tissue. His tissue model consisted of a surface layer of 
skin 2mm thick over a 5mm layer of fat followed by an infinite layer of 
muscle. The guide was loaded with a dielectric material with dielectric 
constant, 10 and its dimensions were 6.2 x 3.1 cm at IGHz and 2.3 x 
1.1 cm. at 3GHz. He found that at 3GHz only about 13 % of the signal 
originated in the muscle layer (power was attenuated by e2by 0.67cm 
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of tissue). At IGHz the same attenuation required 1.9cm of tissue. 
However, the electrically effective lateral area of tissue which 
contributed to the signal was II CM2, compared with 1.25CM2 at 3GHz. 
This shows that there is a marked decrease in spatial resolution which 
accompanies an improved penetration depth at lower frequencies. 
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CHAPTER 5.0 COMBINED THERMAL HEAT TRANSPORT 
AND MICROWAVE RADIATION 
ANALYTICAL MODELLING. 
5.0 Introduction. 
It has been shown that combining thermal heat transport and 
microwave radiation analytical models of body tissue regions allows an 
equivalent physiological heat supply to the tissues to be estimated from 
temperature measurement data (Brown, 1989). This chapter will 
consider thermal and microwave modelling, why combined modelling is 
possible, the heat loss processes at the skin surface and the relationship 
of thermal conductivity of tissues to their water content. 
5.1 Thermal heat transport modelling. 
For the anatomical structures considered in this research, thermal 
modelling to determine T(z), the temperature at a depth z into tissue, 
using appropriate tissue thermal conductivities, surface heat loss 
mechanisms to the surrounding environment, and assuming heat supply 
to the tissues from arterial blood and metabolic activity is well 
described by the I -dimensional equilibrium Fourier equation for T(--), 
d'T(Z) WbCb (T (T(Z))) +K 
where q is the specific heat of blood, (Jkg-'K-') 
co, is the rate of supply of arterial blood at temperature, T., to 
the tissue, (kg m-'s-') 
K is the tissue thermal conductivity, (Wm -'K-) 
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and Q is the metabolic heat production in the tissue, (Wm"'). 
The first term of Eqn. 5.1.1 represents the conduction of heat through, 
the tissue, the second term represents the energy transfer to tissue by 
blood perfusion and the third term is the energy supplied by metabolic 
heat generated in the tissue itself. It should be noted that a number of 
assumptions must be made to ensure the validity of Eqn. 5.1.1. These 
assumptions are 
1. The exchange of heat between the blood and tissue takes place 
entirely in the capillary bed and that this exchange is complete 
resulting in the tissue and the blood reaching the same temperature. 
2. Heat exchanges between large blood vessels and the surrounding 
tissue and artery-vein pairs are neglected. 
and, finally, 
3. There is no net directionality involved in the capillary blood flow. 
The most important of these assumptions is that the exchange of heat 
between blood and tissue takes place entirely in the capillary bed. 
At the skin surface boundary, Newtonian cooling of the form 
E(T - 
7: 
mb) 5.1.2 
can be assumed, where Ts is the surface temperature and Tamb is the 
temperature of the surrounding environment. The heat loss processes 
of radiation, convection and evaporation determine the cooling 
coefficient, E. Of these radiation and convection are the dominant 
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processes. Evaporative cooling is known to be of the order of only a 
few percent of the total heat loss for the resting body at normal room 
temperature. (Draper & Boag, 197 1). 
The following subsections will determine the cooling coefficient, E, 
where 
E,,,,,,, h + E,,,,,, + E,,,, p 
5.1.3 
The above terms in Eqn. 5.1.3 correspond to the processes just listed. 
5.2 Heat loss by radiation. 
The net rate of heat loss per unit surface area of a body with a surface 
temperature, 7:, surrounded by walls at a temperature, T., is given by 
the Stefan-Boltzmann Law to be 
cre(7, ' - 5.2.1 
where a, is stefans constant (5.67 x 10' Wm-'K-) and e is the 
emissivity of the skin surface which is close to 1, since skin behaves 
very similarly to a black body. (Chapter 1.0). 
In a stable environment the temperature difference (T, - T.,,, ) will be 
small compared to the mean absolute temperature, where 
T mean ýI 
(T 
- 
ýmb) 5.2.2 
2 
and Eqn. 5.2.1 can be put in the approximate form 
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e =4creT',, (T, -T.. b) 5.2.3 radn 8 mea 
The radiative heat transfer coefficient is then defined to be 
E,.,, dn = 
4ae7Z.. 5.2.4 
This gives an estimated radiative heat transfer coefficient of 
6.0 Wm -'C-. (Draper& Boag, 197 1). 
5.2.1 Heat loss by convection. 
Heat loss by convection is due to the transport of heat away from the 
skin surface by the movement of air surrounding the body. The rate of 
convection heat transfer is governed by a number of factors including 
humidity, air density, viscosity , specific heat capacity, thermal 
conductivity and temperature coefficient of expansion. These variables 
may grouped into dimensionless quantities which each describe a 
particular aspect of the air behaviour important in convection. (Brown) 
When the skin to ambient temperature difference is small the rate of 
convective heat flux per unit surface area can be expressed in the form 
E (T - T.,,,, ) COW conv i 
where E,,,,, is calculated using engineering formulae since the body can 
be approximated to by cylinders of different sizes. For this study, the 
coefficient of convective heat transfer was calculated using the 
following (Mcadams, Heat Transmission) 
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0.38(ý - T. 
)25 
5.2.1.2 
i mb 
This gives an estimated heat transfer coefficient of approximately 
4.0 Wm -'C-, also Draper & Boag, 197 1. 
5.2.2 Heat loss by evaporation. 
This is the removal of heat from the body surface by water leaving the 
surface. Water leaves human skin by two processes, difflusion and 
sweating. However, in most normal clinical environments no sweating 
should occur and so heat loss will be due only to diffusion. This 
diffusion is in the form of insensible perspiration (Buettner, 1953). The 
approximate value of the heat transfer coefficient can be taken as 
0.8Wm-'C-'. This heat loss does not obey Newton's Law but is very 
small compared to radiative and convective losses (Draper & Boag, 
1971). 
5.2.3 Total heat loss. 
By summing the heat transfer coefficients for radiation, convection 
and evaporation the total estimated heat loss at the skin surface is 
approximately II Wm -'C-' for the skin to ambient temperature 
differences of about I OC applicable for the studies undertaken. 
Variation of this coefficient -with surface curvature is estimated to be 
of the order of only about 5% for the measurement situations applicable 
to this work. The variation in heat loss due to local ambient 
temperature variations around the body will be of a similar order. 
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5.3 Microwave radiation analytical modelling. 
As previously discussed in Chapter 2.0, the microwave temperature 
signal observed on the skin surface is a result of the summation of the 
emitted radiation at all interior points reduced by a weighting factor of 
the approximate form, e-"'O, which takes into account the microwave 
attenuation factor, a of the tissue. For a region of uniform material, 
depth d, the microwave temperature is then 
d 
S= 2af T(z)C-2=dZ 5.3.1 
0 
It should be noted that the a values will be the effective attenuation 
factors discussed for antenna modelling measurements. The resultant 
intensity from several different tissue regions such as skin, muscle and 
fat can be calculated by an extension of Eqn. 5.3.1, taking into, account 
the inter-regional reflections due to impedance changes and signal 
attenuation across different tissue regions gives a temperature of 
d, d 
S=2a, lo, T (z dz +2 a2t, 2 
ý 
T(Z)e-2a2 z &,, 7 ....... 5.3.2 
0 d, 
where a, a, etc are power attenuation constants and tOl, t, 2 are the 
transmission coefficients. Theoretical modelling of the radiometer 
antenna spatial response shows a more complex behaviour than the 
above close to the antenna, but experimental measurements have shown 
that the dominant features of the response are of the form given above. 
With the attenuation coefficients a,,, a, etc, appropriate to the tissue 
antenna combination used. 
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Now if microwave thermography measurements are to accurately 
detect internal body patterns, the contribution from the skin which is 
essentially of the form 
(I e -2ar 
) 
5.3.3 
must be a small fraction of the total thermal signal (Land, 1987). Fig. 
5.0 shows the variation of this skin contribution to the total temperature 
signal between I and lOGHz for skin tissue thicknesses of Imm and 
2.5mm. It is seen that the fraction of the total signal due to skin is 
approximately 0.12 and 0.29 at skin thicknesses of Imm and 2.5mm 
respectively at 3GHz. This illustrates the importance of measuring at 
the lowest possible frequencies consistent with adequate spatial 
resolution. 
5.4 Is combined modelling possible? 
In the previous sections thermal heat transport and microwave 
radiation analytical models have been considered. The important 
question to be asked is - is there any relationship between the two 
models ? Fig. 5.1 shows the connection between the thermal and 
microwave models. There is a common dependence on geometry, 
anatomy, and tissue distribution, and both models must share the same 
temperature pattern. Provided it is possible to relate uniquely the tissue 
microwave and thermal properties, realistic combined microwave and 
thermal models can be used to estimate internal tissue thermal 
behaviour from temperature measurements made at the body surface. 
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5.5 Tissue thermal conductivity. 
As shown in Chapter 3, the water content of tissue determines the 
dielectric properties. All "conduction" type properties can be expected 
to follow similar mixture equation behaviour, so, it is therefore expected 
that the water content of tissues will determine the thermal conductivity 
in a similar manner. Water has the highest thermal conductivity of soft 
biological tissue components, 0.623 Wm-'K-' at 37C. Table 5.0 shows 
values of the thermal conductivity of tissues important to this research. 
Fig. 5.2 illustrates these measured thermal conductivities as a function 
of water content. The high thermal conductivity of bone is due to its 
mineral content. The low dielectric loss of bone is due to its water 
content. 
5.6 Tissue microwave and thermal behaviour. 
Table 5.1 gives measured thermal and microwave properties for 
various biological tissues. A possible relationship between tissue 
microwave and thermal behaviour is shown in Fig. 5.3. There has been 
a limited amount of research into this relationship and so the only 
conclusion which can be reached from Fig. 5.3 is that there is likely to 
be a general trend between the microwave attenuation and thermal 
conductivity. 
All "conduction" type properties of a solid mixture of materials can be 
expected to show the same general form of variation of the conduction 
properties with the variation of the relative properties of the materials 
mixture components. Possible forms of the variation have been 
considered and compared with observed behaviour for the microwave 
properties (Campbell, 1992). For both microwave and thermal 
Tissue Thermal Reference Year 
conductivity 
(Wm-IK71) 
Whole blood 0.51 Spells 1960 
Muscle 0.41 Lipkin 1954 
0.44 Hatfield 1953 
Skin 0.39(living) Lipkin 1954 
0.32(excised) Lipkin 1954 
Fat 0.22 Lipkin 1954 
0.20 Hatfield 1953 
Bone 0.8 Kirkland 1967 
Water 0.62 CRC Handbook 1977 
Table 5.0 Thermal conductivities of human tissue at 37C. 
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Muscle 
Fat 
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Thermal conductivity Dielectric constant, Er' 
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53-56 
45-52 
3.9-11.6 
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Table 5.1 Comparison between tissue thermal and microwave 
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properties the variation with tissue water content will dominate in soft 
tissues through the high relative permittivity/loss factor and thermal 
conductivity of water in comparison with tissue fat and protein 
components. 
Translating the microwave complex pennittivity variation into the 
equivalent radiation attenuation coefficient at 3GHz gives Fig. 5.4. 
Bone appears to have distinctly different behaviour. The water 
content is low, but the mineral content has a high thermal conductivity 
and a low microwave attenuation. Again, however, there is reasonably 
defined, related microwave and thermal behaviour (Land, unpublished 
measurements). 
5.7 Solution to the one -dimensional Fourier Equation. 
The solution to Eqn. 5.1.1, assuming a boundary equation at the 
surface given by 
dT 
= E(T, - T.. ) at z=O 5.7. f dz 
and the condition that the temperature tends to be a finite value as the 
depth in the tissue increases is given by 
T(d-) 
T') 
e-ßz + 5.7.2 
l+ 
(Kß )j, 
E 
where T, = T., +Q5.7.3 Cob Cb 
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Fig. 5.4 The variation of microwave attenuation and thermal conductivity 
for soft tissues due to the common dependence on tissue water 
content. 
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is the core temperature and 
16 
= 
C: 
b 5.7.4 
This equation describes the temperature distribution in the tissue and 
from this the measured microwave temperature may be determined. 
Similarly, the surface temperature is given by 
(7:,, - T, ) an 
Tý r-- + 5.7.5 
+ 
TE) 
for a single region of tissue. 
It is clear from Eqn. 5.7.5, that the surface temperature is dependent 
on (7:,,,, - 7: ), the effective thermal resistance of the perfused tissue, Zt, 
where 
Zt 5.7.6 K, 8 
and, in series with this, the thermal resistance between the skin and the 
enviromnent given by the inverse of the heat transfer coefficient, E. 
There is an elevation of skin surface temperature as the effective 
thennal resistance is decreased, which occurs with increasing thermal 
conductivity and/or perfusion. 
The above descriptions, though simplified, can provide useful 
measures of the body's behaviour of thermal resistance and effective 
perfusion. The reasonably known surface heat loss coefficient is 
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providing a thermal resistance standard which allows the measures to 
be estimated. 
5.8 Microwave temperatures at the surface of a single region. 
The operation of the radiometer and its antenna is assumed to be such 
as to make a true measure of the microwave radiation temperatures at 
the skin surface. 
For a single region this will be given by 
-0 
aT(Zý-2=d, T. 
, 
f25.8.1 
0 
as stated in section 5.3.1. 
If the temperature variation is of the form 
T(z) = T, - 
(T, 
- T, 
)(I 
- el) 5.8.2 
where T, is the deep core, tissue temperature and T, the surface 
temperature, then 
OD 
- 2,8z -2=d, T., =2aT, fe-"d. --2a(T, -T, )f(I-e )e m 00 
5.8.3 
which simplifies to 
T. T, - (T, - TI) 5.8.4 
1+ ý112a) 
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This immediately indicates that if 8 and 2a are roughly similar, the 
microwave temperature should lie about mid-way between the core and 
surface temperatures. 
Using the relationships of 5.7, Eqn. 5.8.4 can be rearranged to give 
2aK=E T'-T')(T'-T"b 5.8.5 
(T. 
-TJ T, -T, 
) 
which is essentially, through the attenuation - thermal conductivity 
relation, a measure of the tissue water content. 
With the water content estimated it is then possible to estimate the 
tissue arterial blood perfusion, since 
cE2T, - 
T. 
mb ot, = Kc, T. - T, 
5.8.6 
In practice it has proved most convenient to compute the variation of 
surface temperatures with microwave temperatures, using the assumed 
thennal-microwave tissue behaviour, for various arnbient/core 
temperatures and plot them in the form of a grid covering the different 
water contents and perfusion values, Fig. 6.7. Plots of subject's 
measured surface and microwave temperatures can then be overlaid 
with the grid and estftnated effective tissue water contents and 
perfusions read off. The modelling has also been used to estimate the 
dependence of surface and microwave temperatures on ambient and 
subject core temperature changes. 
The single region modelling has been compared with similar two- 
region analytical and numerical models and 2-dimensional finite- 
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difference computational modelling. For the tissue regions of most 
interest for these studies (limbs and breasts), the difference between the 
models were similar to or smaller than the uncertainties due to the 
present limited information about tissue thermal conductivity and the 
thermal-microwave behaviour relation (Land, Pers. comm. ). The single 
region model based on estimates of tissue properties is therefore 
considered to be both reasonable and useful measures given the present 
knowledge of tissue properties. 
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CHAPTER 6.0 MICROWAVE THERMOGRAPHY IN 
RHEUMATOLOGY. 
6.0 Introduction. 
The aim of this chapter is to show the potential role of microwave 
thermography in the assessment and monitoring of disease activity in 
Rheumatology. 
Rheumatology encompasses a broad spectrum of diseases including 
osteoarthritis, ankylosing spondylitis, rheumatoid arthritis and gout. This 
chapter applies to the study of patients with rheumatoid arthritis. Fig. 6.0 
shows the distribution of affected joints in rheumatoid arthritis. 
Objective assessment in rheumatology is a long standing problem. 
Assessment methods currently in use are described in 6.1 below. 
In the rheurnatology investigations microwave thermography has been 
used for the objective assessment of inflammation in the knee joints and 
wrist and finger joints of patients with rheumatoid arthritis (RA) by 
comparison with similar information obtained from a group of control 
subjects, assumed to be disease free. 
With measured environmental, oral, microwave and infra-red surface 
temperatures, combined microwave and thermal modelling has been used 
to estimate an equivalent physiological heat supply to tissues. 
6.1 Disease assessment in rheumatology. 
Rheumatoid arthritis (RA) is a common inflammatory disease of joints. 
The affected areas are hot, swollen and painful at rest and show restricted 
painful movement (Deighton, Q. In an inflamed area the blood flow 
Fig. 6.0 Distribution of affected joints in rheumatoid arthritis. 
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increases resulting in heat and redness; fluid and cells leak into the tissue 
causing swelling. Therefore, the objective measurement of joint 
inflammation presents a problem due to "inflammation" involving multiple 
factors. As a result many methods have been developed for the accurate 
measurement of disease activity. These include clinical assessment, infra- 
red thermography skin temperature measurements and radio-nuclide 
measurements. 
Simple measurements such as ringsize, grip strength, pain analogue 
scales and swollen/tender joint count have been used in an attempt to 
satisfy the criterion of an independent, reproducible, measure of 
inflammation. 
However, the accuracy of clinical measurements are' , 
dependentý on 
minimal inter- and intra- observer variation. They can be affected by other 
factors such as the time of day when the measurements are taken (Fraser, 
Land, 1987). Although clinical measurements may easily detect major 
changes in disease activity they are unsatisfactory for the detection of 
small changes in inflammatory activity. 
Skin temperature patterns can be seen with infra-red thermography, so 
that diseases which affect superficial blood circulation produce clear 
changes which are usually shown by thermography. Infra-red 
thermography has been used for the last 20 years to measure skin 
temperature over inflamed joints. (Cosh & Ring, 1970). This technique is 
also used to monitor the patients response to drug treatments. (Collins & 
Cosh, 1970) However, difficulties in maintaining a stable environment 
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and physiological changes of skin temperature have limited the usefulness 
of this technique. (Salisbury et al, 1983). - 
Haimovici, 1982, developed an invasive method to directly obtain the 
intra-articular joint temperature. Basically the technique involved a 
thermocouple being inserted into the affected/normal joint. He showed that 
by obtaining a single temperature measurement from the intra-articular 
joint he was able to differentiate between a normal and diseased joint. 
This is, however, clearly an invasive technique causing the patient pain 
and/or stress, and requiring significant clinical skill to avoid infection and 
tissue damage. 
Radio nuclide scanning is used as an index of inflammatory activity as it 
is able to give an independent, reproducible measure of disease activity 
(Pinals, 1983). Of the several different isotopes that are available the "-Tc 
uptake technique is most commonly used. (Dick et al, 1970; Patterson et 
al. 1978). A number of research groups have compared the technetium 
uptake technique with clinical assessment. Huskisson et al, 1973, found no 
correlation between the two techniques, but a number of groups did find a 
correlation. (Paterson et al, 1978; Dick and Grennan, 1976; Haataja et al, 
1975 and De Silva et al, 1986). 
6.2 Clinical investigations. 
Recent clinical assessments of microwave thermography have been 
carried out at the Centre for Rheumatic Diseases, Glasgow Royal 
Infirmary. The studies have looked at knee, wrist and finger joints affected 
by inflammatory rheumatoid arthritis. Infra-red surface temperatures and 
70 
microwave temperature profiles were recorded across 88 "normal" resting 
knees and 60 resting knees of patients suffering from RA. Similar scans 
were taken across 48 "normal" hands/fingers and 48 hands/fingers of 
patients suffering from RA. The microwave antenna was held in contact 
with the skin surface and moved at a rate of lcm/2.5secs. The skin 
surface temperature measurements were made using a commercial 
pyroelectric element infra-red thermometer. Oral and ambient 
temperatures were measured with thermistor and thermocouple 
thermometers. All thermometers were intercalibrated over the working 
temperature range using combined microwave - infra-red - contact 
calibration sources. Temperature measurement resolution was OAC or 
better. Inter-modal temperature intercalibration was approximately 0.2C 
or better. 
Typical microwave temperature profiles for the knees and hand - fingers 
are shown in Figs. 6.1 and 6.2 respectively. Fig. 6.1 shows how an initial 
reference point at the centre of the patella was marked and a scaled line 
drawn to 16cm above the patella (Quadriceps muscle) and 8cm below the 
patella (Tibia). The fairly uniform temperature zone over the quadriceps 
muscle is used to provide a local, subject specific temperature reference 
with which the patella region temperature is compared. This comparison 
yields a "Microwave Thermographic Index" for the joint, which is proving 
to be a useful indicator of disease activity (Fraser, Land & Sturrock, 1987; 
MacDonald, 1994). Similarly, Fig. 6.2 shows how for the hand - fingers 
the scan is taken down the lateral surface of the forearm over the 
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articulation of the wrist and down over the three central fingers, Index, 
Middle and Ring, in tum. 
6.3 Estimation of equivalent physiological heat supply to the quadriceps 
and patella. 
It has been shown in Chapter 5.0 that combining thermal heat transport 
and microwave radiation models'of tissue regions allows an estimate of the 
physiological heat supply to tissues to be estimated 'from temperature 
measurement data. 
The tissue temperature, T, is assumed to be determined by a heat supply 
due to arterial blood perfusion, w, at T, and metabolic activity, Q, in 
total 
_T Üjb (T., t 1) + 
6.3.1 
with the tissue thermal conductivity and the region boundary conditions. 
This tissue ''temperature distribution with the microwave propagation 
properties of the tissues determines the microwave radiation temperatures 
measured at the skin surface; By measuring the surface and microwave 
temperatures and using the thermal and microwave modelling it is possible 
to make estimates of the heat supply to a volume of tissue. Changes in 
this heat supply are considered to be a good measure of inflammatory 
disease activity in that part of the body. Fig. 6. f 'shows'there is an 
elevation in temperature over the patella region in patients suffering from 
RA. Cosh and Ring, 1970 also noted an elevation of temperature over 
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inflamed joints using Infra-red thermography. Fraser et al, 1987 and 
MacDonald et al, 1994 also concluded that microwave thermography can 
measure inflammatory activity in the knee joints of patients suffering with 
RA. This increase in temperature over the patella region is probably due 
to an increase in both blood perfttsion and metabolic heat production. 
However, the maximum temperature increase which can be caused by 
increased reasonable levels of metabolic heat production alone is estimated 
to be rather less than the microwave temperature increases seen. Also, no 
cases were observed where tissue temperature is driven above the arterial 
blood temperature which could occur if metabolic heat production were a 
dominant effect. So it can be deduced that the increase in microwave 
temperature over the inflamed joints is predominantly due to an increase in 
perfusion. 
It is also likely that there is some degree of interdependence of metabolic 
heat production and tissue perfusion, so the heat deposition and production 
within a tissue region can then be reasonably expressed in terrns of an 
"effective perfusion". It is considered that this increase in effective 
perftision may provide a clinically useful measure of disease 
activity. (Land, 1987; Kelso et al, 1995) 
6.4 Estimation of effective perfusion. 
With measured environmental, oral, microwave and infra-red surface 
temperatures, combined microwave and thermal modelling has been used 
to estimate the effective blood supply to the quadriceps muscle and the 
anterior intra-articular region of the patella, in both "normal" knee joints 
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and knee joints affected by RA. In the modelling, the metabolic heat term, 
Q of Eqn. 6.3.1 is assumed to be part of a total heat supply represented by 
an effective perfusion term cpq(ý,, - T, ). I- dimensional analytical and I- 
and 2- dimensional numerical models have been used based on the 
relations given in Chapter 5.0. 
6.4.1 Results. 
As mentioned in 6.3 infra-red surface temperatures and microwave 
temperature profiles were recorded across 80 "normal" resting knees and 
60 resting knees of patients suffering from RA. An example of a typical 
microwave temperature profile taken longitudinally down the quadriceps 
muscle and over the patella is given in Fig. 6.1. The measured values of 
microwave and infra-red surface temperatures recorded over the 
quadriceps muscle for both "normal" subjects and patients suffering with 
RA are given in Figs. 6.3 and 6.4 respectively. It was initially expected 
that the microwave and surface temperatures over the quadriceps region of 
both groups would be similar, however by comparing Figs 6.3 and 6.4 it is 
clear that higher surface and microwave temperatures were recorded over 
the RA subjects quadriceps. It is thought that this may be due to an 
increase in upper limb perftisiop as a result of the severe joint 
inflammation. Figs. 6.5 and 6.6 show the measured values of microwave 
and surface temperatures over the centre of the patella for both "normal" 
subjects and patients with R. A. Fig. 6.6 shows that for patients with RA 
the microwave and surface temperatures are greater. This is most 
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probably due to an increase in blood flow through skin removing excess 
heat from the inflamed joint. 
6.5 Use of 1 -dimensional modelling for estimation of effective perfusion. 
Modelled values of microwave and surface temperatures, perfusions and 
tissue percentage water content are shown in Fig. 6.7(acetate). Comparing 
Figs. 6.3,6.4,6.5 & 6.6 with 6.7 shows that the modelled and measured 
microwave and surface temperatures agree reasonably well. 
Using the I-dimensional analytical model the range of estimated 
perfusion values found for "normal" subjects quadriceps muscle were from 
0.01kgrn'sý' to 0.72kgm's-' and for patients with RA the estimated 
values were from 0.08kg m'9` to 1.42kg rn's'. By comparing Figs. 6.3 
and 6.4 with Fig. 6.7 , the measured temperature distribution is seen to 
correspond well with the expected range of temperatures from the thermal- 
microwave modelling, using the assumed tissue behaviour (Chapter 5.0). 
The ranges of estimated knee joint soft perfiision found were from 
0.003kgm's` to O. Ilkgm"s"' for "normal" subjects and from 
0.02kg m's' to 4.24kg m's' for patients with RA. On comparison with 
Fig. 6.7, Figs. 6.5 and 6.6 both show good agreement between the 
measured temperature distribution and the modelling. For both regions 
estimated tissue blood perfusion values have been found to be similar to, 
but slightly lower than those reported in literature as measured by 
radioisotope clearance methods(Dick et al, 1970). The estimated 
perfusion values are also similar to those reported by Land et al, 1991. 
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Fig. 6.8 shows the estimated power attenuation constants for both 
"normal" subjects and RA patients. The average 2cc values in both cases 
are similar to those estimated by Land, Brown & Fraser, 1991 and those 
measured at 3GHz as given in Fig. 1.0. This supports the use of the 
relationship between thermal and microwave tissue properties discussed in 
Chapter 5.0. The slightly higher tissue attenuation coefficient for the RA 
group would be consistent with higher water content tissue in the 
inflammed joint tissue of these subjects. 
6.6 Use of a 2-dimensional model of the quadriceps region in RA disease 
assessment. 
Finite element models were developed by Dr. P. Harness (UMIST) to 
allow the calculation of the temperature distribution of the human body. 
The models use the Galerkin approach to solve the weak form of the heat 
transfer equation. Two-dimensional meshes have been constructed of 
cross-sections of the leg (about the quadriceps muscle). The models can 
use experimental microwave data in one of two ways: 
1. Use experimentally estimated values of blood perfusion coupled with 
Newtonian surface boundary conditions. The resulting calculated skin 
temperatures can then be compared with experimental infra-red 
measurements. 
2. Use experimental skin temperature values as the boundary conditions 
and vary perfusion coefficients to determine their effect on the internal 
temperature distribution. 
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In either case the microwave temperature can be calculated from the 
resulting temperature distribution. 
Applying the convection boundary condition the following conditions 
were used: 
Quadricep diameter 16.5cm 
Skin layer 0.3cm 
Fatlayer 1.1 cm 
Muscle layer 3- 4cm 
Bone diameter 6.8cm. 
The perftision rates used in the model being (Harness P& Land, D. V) 
Skin 0.5kg m-'s-' 
Fat 0.05kg m"s*' 
Bone 0.05kg m"s-' 
Finally, an arterial temperature of 37.15C and temperature of 21C were 
used for modelling purposes. 
The initial calculation was performed using the measured cooling 
coefficient and muscle perfusion rate. Using this measured cooling 
coeffic nt value the measured and modelled microwave temperatures did 
not correlate very well. By reducing the cooling coefficient, the measured 
and modelled microwave temperatures start to correlate. Examples of this 
finding are given in Table 6.0. It is clear that this method of modelling is 
extremely sensitive to the cooling coefficient, E. This is not an ideal 
2- Dimensional modelling 
CONVECTION BOUNDARY CONDITION 
Tcore = 37.15C 
Tamb = 21. OC 
Measured Measured 
Tmw_ (C) Tsur(C) 
32.8 
32.8 
32.8 
32.8 
32.8 
32.8 
32.0 
32.0 
32.0 
32.0 
33.9 
33.9 
33.9 
33.9 
33.5 
33.5 
33.5 
31.0 
31.0 
31.0 
31.0 
31.0 
31.0 
29.9 
29.9 
29.9 
29.9 
31.2 
31.2 
31.2 
31.2 
32.0 
32.0 
32.0 
33.4 
33.4 
33.8 
33.8 
33.8 
33.8 
31.3 
31.3 
32.0 
32.0 
32.0 
32.0 
Estimated 
perfusion 
kg m's-' 
. 138 
. 138 
. 138 
. 138 
. 138 
. 138 
. 062 
. 062 
. 
062 
. 062 
. 255 
. 255 
. 255 
. 255 
. 325 
. 325 
. 325 
. 205 
. 205 
. 250 
. 250 
. 250 
. 250 
Measured 
cooling 
coeff., E 
10.196 
8.0 
7.0 
6.0 
6.3 
6.2 
9.97 
6.45 
6.35 
6.25 
10.42 
7.0 
6.0 
5.5 
10.41 
7.5 
6.5 
10.31 
6.0 
10.42 
8.0 
7.0 
6.0 
Modelled 
Trnw, (C) 
31.56 
32.34 
32.59 
33.06 
32.85 
32.88 
30.45 
31.76 
31.82 
31.87 
32.55 
33.41 
33.74 
33.93 
32.89 
33.61 
33.85 
32.08 
33.42 
32.33 
33.13 
33.39 
33.76 
Modelled 
Tsur, (C) 
29.05 
30.04 
30.47 
31.17 
30.98 
31.04 
28.46 
30.24 
30.3 
30.36 
29.48 
31.06 
31.63 
31.95 
29.66 
30.96 
31.51 
29.34 
31.48 
29.46 
30.52 
31.04 
31.62 
Table 6.0 Comparison between measured and modelled microwave and 
surface temperatures 
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modelling situation and so modelling using the second fixed boundary 
condition was investigated. 
By using measured infra-red skin temperatures as the boundary 
conditions and varying perfasion rates to determine the effect on the 
internal temperature distribution, the modelled microwave temperatures 
were found to compare favourably with measured microwave 
temperatures. Table 6.1 gives examples of comparisons between 
measured and modelled microwave temperatures. 
Fig. 6.9 shows the modelled temperatures obtained from the numerical 
model for different values of blood perfasion. By superimposing Fig. 6.9 
onto Fig. 6.3, it is shown that there is excellent agreement between the 
measured and modelled microwave and surface temperatures, Fig. 6.10. 
The muscle blood perfusion range used from 0.1 kg m's"' to 0.7 kg m-'s-' . 
Similarly, by superimposing Fig. 6.9 onto Fig. 6.4, measured microwave 
and surface temperatures over the quadriceps muscle of RA patients gives 
similar agreement. (Fig. 6.11) 
Unfortunately, it was not possible at the time of these studies to 
investigate the factors which could cause lateral shifting of the Tmw/Tsur 
line obtained. These factors include quadriceps dimensions and thermal 
conductivity. 
6.7 Hand and finger pilot study. 
As mentioned previously, section 6.2, the microwave temperature 
increases over joints affected with RA. Comparing Figs 6.1 and 6.2 shows 
that the increase in microwave temperature over hand and finger joints 
2- Dimensional modelling 
FIXED TENTERATURE BOUNDARY CONDITION 
Tcore = 37.15C 
Tamb =2 LOC 
Measured Tmw (C) Measured Tsur (C) Estimated perfusion Modelled Tmw (C) 
kg m's-' 
30.0 27.3 0.011 28.50 
31.4 28.1 . 044 29.81 
32.0 29.9 . 
062 31.52 
32.8 31.0 . 138 32.91 
32.7 31.2 . 184 33.09 
33.4 31.3 . 205 33.25 
34.1 32.5 . 
248 34.23 
33.9 31.2 . 270 33.39 
34.1 32.8 . 326 34.54 
34.9 33.3 . 647 35.06 
Table 6.1 Comparison between measured and modelled microwave 
temperaures. 
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affected with RA is significantly less than the increase in temperature over 
affected knee joints. This is to be expected because of the larger surface 
area to tissue volume, and the tendency for the peripheral blood supply to 
be lower in the fingers. It should be noted that higher than usual ambient 
temperatures had to be accepted for this group of measurements, (24-27C). 
6.8 Results obtained. 
Promising results have been obtained from the hand/finger study. The 
microwave temperature differences between each joint and the reference 
region immediately superior to each joint have been compared for the 
if normal" and RA patient groups. Figs. 6.12 to 6.15 show the temperature 
difference over the joint regions of interest - radius carpal articulation, 
metacarpal phalangeal joint, proximal inter-phalangeal and distal inter- 
phalangeal joints respectively. 
Overall, 84% of the patient joints showed positive temperature 
differences relative to the reference site and only 0.7% of the "normal" 
group showed positive temperature differences. To verify that the two 
groups were significantly different a West was performed on the data. 
As a check of internal measurement consistency all corresponding 
microwave and infra-red temperatures were compared. Excellent 
correlation was found for the full range of temperatures as shown in Fig 
6.17. However, the infra-red surface temperatures are high. This may be 
genuine and due to superficial vasodilation, as a result of high ambient 
temperatures. The age range of subjects is shown in Fig. 6.18. 
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The increase in temperature over the DIP joint was an interesting find as 
it appears to be generally accepted by clinicians that no such increase in 
temperature should occur. (Prof R. D. Sturrock, personal communication) 
Further work in this region would therefore be worthwhile. 
Combining all the finger joints together for a subject does seem to give a 
measure which shows a clear difference between "nonnal" subjects and 
patients with active RA, Fig. 6.16. 
6.8.1 Problems associated with microwave scanning of small 
articulations. 
For the microwave properties of tissues at 3GHz, spatial resolution is 
about 10mm to 20mm, and tissue radiation transmission distances are 
about l0nun to 40mm as shown in Fig. 1.0. These values are well suited 
to the examination of the major articulations such as the knee and the 
wrist, but are larger than optimum for the smaller dimensions of the 
fingers. In particular it is possible for microwave radiation to be 
transmitted both right through, and also around a finger, into the 25mm 
diameter antenna aperture. 
6.8.2 Transmission of radiation through fingers. 
In order to investigate the possible transmission of radiation through the 
fingers the experimental set-up shown in Fig. 6.19 was used. The 
transmission through the finger can be modelled with sufficient accuracy 
for practical purposes by the radiation signal equations: 
\-3 
MICROWAVE 
NOISE SOURCE 
Fig. 6.19 Experimental set-up for transmission of microwave noise 
radiation through fingers. 
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S, = aT., + (I - a) T,,, g,, 
S2 = aT,,,, + (I - a) Tfi,, g,, 
6.8.2.1 
where SI, S2 are the observed microwave temperatures when the noise 
radiation source is on and off, a is the absorption coefficient, Tfinger is the 
true microwave temperature of the finger and Ton, Toff are the microwave 
temperatures seen through the material when the noise signal is on/off. 
Fig. 6.20 shows the distribution of the microwave temperature across the 
hom radiator when the radiation source is on/off. This was carried out for 
calibration purposes. 
A 3x3 grid was marked on the absorption material and the microwave 
temperature was noted when the radiation source was both on/off. These 
temperatures are taken at specific points on the material corresponding to 
the metacarpal phalangeal joint (knuckle), proximal inter-phalangeal joint 
(pip) and the distal inter-phalangeal joint (dip) for the three central fingers 
(calibration points). This gives the value for Ton and Toff. A hand was 
then placed with the joints of interest corresponding to the calibration 
points on the absorption material and the microwave temperature noted as 
before with /without the radiation noise source. 
Solving Eqns 6.8.2.1 simultaneously gives 
SI-S2 
T. ff - T.. 
6.8.2.2 
where cc is the fraction of the signal transmitted through the finger at 
Tfmger. 
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Fig. 6.21 shows how the average a (average of the absorption 
coefficients calculated for subjects at specific joints) varies depending on 
the joint in question. It is clear from the graph that a minimum fraction of 
the signal is transmitted through the knuckle, the highest occurring at the 
dip joint. 
The transmission through the finger was found to be reasonably small, 
0.3% to 7.0%, these values corresponding to the knuckles and dip joints 
respectively. For the clinical measurements, a wooden surface was used 
provide a stable background microwave temperature, and through finger 
transmission should not have a significant effect on the relative 
temperature differences considered here. 
6.8.3 Transmission of extraneous microwave radiation around the finger 
and into the antenna. 
The transmission of extraneous microwave radiation around the finger 
and into the antenna was significant. It was discovered that the principle 
source of extraneous radiation was in-room fluorescent lighting. As a 
result of this measurements were made under tungsten lighting, with a 
wooden background for fingers providing a low reflectivity surface. 
6.8.4. Conclusion. 
As a result of this investigation it is thought that microwave 
thermography may be useful in the evaluation and monitoring of patients 
suffering from rheumatoid arthritis in their wrist and finger joints. 
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CHAPTER 7.0 A MICROWAVE THERMOGRAPHIC STUDY 
INTO VARIATIONS IN NORMAL FEMALE 
BREASTS THROUGHOUT THE MENSTRUAL 
CYCLE 
7.0 Introduction. 
In this chapter the findings from a small scale investigation into the use 
of microwave thermography for the detection of temperature variations in 
the female breast corresponding to the ovulatory and luteal phase of the 
menstrual cycle will be presented. The importance of this study lies in the 
need for knowledge of the thermal behaviour of the normal breast, 
essential if changes due to breast disease are to be detected. 
The following areas will be covered in this chapter: anatomy of the 
breast, imaging techniques, breast disease, menstrual cycle and finally 
results of the investigation. 
7.1 Anatomy of the female breast. 
The breast lies between the second and sixth ribs on the vertical axis and 
between the sternal edge and the mid axillary on the horizontal axis. The 
nipple and aerola have distinctive features and the epithelium of the aerola 
is more pigmented than normal skin. Fig. 7.0 shows a normal breast 
outline. The breasts' lobes and lobules are embedded in the superficial 
fascia between strands of fibrous tissue which pass through the superficial 
fascia from the skin to the deep fascia. These strands from the stroma of 
the breast and some of its lymph vessels and mammary vessels enter and 
"w", m 
19 to 21 cm 
to 8 cm 
Fig. 7.0 Normal female breast outline. 
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leave the breast along these strands. Fig. 7.1 shows the internal structure 
of the female breast. The breast tubes which secrete the milk are grouped 
together into lobes, then subdivided into lobules and are all separated by 
the fibrous stroma. The lactiferous ducts, one from each lobe, converge 
upon the nipple. Under the aerola each duct expands to form a lactiferous 
sinus,, and , narrowing again, opens on the summit of the nipple. 
(Romanes, 
G. J) 
7.2 Breast disease. 
Breast diseases can be split into two main groups, benign and malignant. 
Correct classification of benign conditions is just as important as for 
malignant disease, as they are more common than breast cancer, difficult 
to distinguish from it, and if an incorrect diagnosis is made at an 
examination the patient may well suffer severe emotional stress. 
Any thermal disease detection technique is dependent on there being an 
inflammatory response in the breast to the development of disease. There 
are then two problems for unambiguous detection: 
1. Seeing the inflammatory response within the natural temperature 
patterns and pattern variations of the breast. 
2. distinguishing between responses to benign and malignant conditions. 
Most benign diseases occur in the breast during three main periods of 
the reproductive life: development, mature reproductive life and involution 
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(Dixon & Sainsbury). In women less than 25 years old the most common 
condition is fibroadenomas; in the age group (25 - 40) years cyclical 
mastalgia and nodularity are common and finally cysts are thought to be 
most common in the (35 - 55) age range. It should be noted that at the 
menopause, involution occurs and glandular tissues revert back to the 
infantile state. Fatty tissue disappears more slowly and becomes the major 
part of the breast. 
Also due to the immense variation in the relative amounts of fat, water, 
glandular tissue and fibrous connective tissues which form the breast, the 
microwave penetration depth may be expected to vary from person to 
person. This is important in the use of microwave thermography and is 
considered in this study. 
7.3 Breast imaging. 
For imaging techniques to be of any clinical use they must be able to 
detect breast disease in the primary stages and distinguish between benign 
and malignant growths. The most commonly used, and probably the most 
effective method of breast imaging at present, is X-ray mammography. 
Mammography utilises X-rays of about 50 keV to obtain transverse' 
pictures of the breast. It exposes the women to a small, but non-trivial, 
dose of radiation, and requires the breast to be compressed between two 
plates whilst the exposure is made, which can be quite uncomfortable for 
the patient. This technique works well for women over 35 years, however, 
the breast tends to be radio opaque in subjects below 35 years and so 
higher exposures are needed for good images. 
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Other imaging techniques include sonography, thermography and 
transillumination light scanning. 
Breast Sonography is the ultrasound examination of the breast. It is a 
non-invasive technique which produces accurate cross-sectional images of 
the breast tissue. It can be performed with either an automated whole 
breast unit or a high frequency hand-held instrument. Automated breast 
units produce sequential thin-section whole breast images, allowing for the 
accurate detection of abnormalities. Thus, automated whole breast 
scanners are more appropriate for breast screening examinations than the 
hand-held units. The hand-held units are less expensive than the 
automated units and can be used for guided needle biopsy. (Basset, ' 
L. W. 1) 
1990). However, due to technical limitations such as inadequate 
resolution, inconsistent reproducibility and distortion of the breast 
architecture from compression, it is used mainly as a complement to 
mammography (Rubin et al, 1978). The most important clinical use of this 
technique is its ability to differentiate between cysts and solid masses. 
Transillumination light scanning is also a non-invasive method. It 
relies on the differential transmission by breast tissues of non-ionising 
radiation in the red and near -infra-red range of the spectrum (Monsees, B, 
1978). 
Thermography is in the general sense a measure of temperature 
variations over the skin surface. There are many thermographic methods - 
liquid crystal, infra-red,, and microwave thermography. 
Liquid crystal thermography uses a system of cholesterol esters 
encapsulated in flexible mylar sheaths. When placed in direct contact with 
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the skin of the breast, a unique colour pattern appears which can be 
photographically recorded. (Monsees, B). 
A number of groups have studied the use of infira-red imaging of female 
breasts for the detection of abnormalities. A discussion on the work 
carried out by Draper &Jones, Lloyd Williams and Verzini & Romani is 
given in section 7.8.3. A review of breast imaging was given by Jones, 
1982. 
The use of microwave thermography for the detection of breast disease is 
discussed in section 7.6. 
Why is breast screening for cancer important ? Breast cancer is the 
commonest form of cancer among women in the U. K. Each year there are 
approximately 15,000 deaths from the disease, in comparison to -75,000 
deaths among women from all other forms of cancer. The U. K. mortality 
rate is the highest in the world. Neither the cause of breast cancer nor 
ways of preventing the disease are known, so the only way to substantially 
reduce the number of deaths from the disease is to detect it before the 
patient presents with the symptoms. Also, the effectiveness of treatment is 
related to the stage at which the disease is presented. In other words, a 
country wide screening programme must take place if the lives of 
thousands of women are to be saved. (Forrest, P). 
7.4 Menstrual cycle. 
The menstrual cycle is controlled by the brain. 'Mis cycle is caused by 
hormones and chemical messengers being released into the bloodstream at 
certain times by various glands. The sequence of hormonal changes 
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occurring in the menstrual cycle are shown in Fig. 7.2. At menstruation, 
plasma levels of the follicle stimulating hormone, FSH are rising, 
stimulating the growth of several Graafian follicles within the ovary. Only 
one follicle is chosen to house the developing ovum and as this follicle 
develops it produces increasing amounts of oestrogen s (oestradiol). Now 
as the level of oestradiol rises in the early follicular phase, the production 
of FSH is suppressed, but oestradiol levels continue to increase until a 
critical level is reached. Approximately 24 hours after this level is reached 
there is a surge of lutenizing hormone, LH and to a smaller extent, FSH for 
one day only. Ovulation follows this surge within about 30 - 36 hours and 
the ruptured ovarian follicle develops into the corpus luteurn which 
secretes both oestradiol and progesterone in the luteal phase of the cycle. 
Thus the levels of oestradiol and progesterone rise together after ovulation, 
reaching a maximum between days 18 and 22 of a 28 day cycle. In the last 
few days of the cycle, the corpus luteum degenerates, oestradiol and 
progesterone levels fall and menstruation begins a new cycle (Barlow, D& 
Mcpherson, A). 
7.4.1 Effect of combined oral contraceptives on the menstrual cycle. 
The combined oral contraceptive pill contains similar hormones to the 
oestrogen and progesterone produced by the ovary. As a result of this the 
pituitary gland reduces its output of the hormones FSH and LH. So the 
mid cycle surge of LH which is essential for egg release does not occur. 
Also with so little of the hormones from the pituitary reaching the ovaries 
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Fig. 7.2 Hormone changes throughout the menstrual cycle. 
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they go into a state of rest and produce minimal amounts of natural 
oestrogen and progesterone. 
Thus while a women is taking the contraceptive pill the normal 
menstrual cycle stops. However, most systems of pill taking include a pill- 
free time, usually one week in every 28 days. The effect of cutting off the 
supply of pill hormones is to imitate the fall in the levels in the blood 
stream of their natural equivalents at the end of the normal cycle. This 
causes the shedding of the corpus luteurn which the pills hormones have 
produced during the previous 21 days (Guillebaud). Two of the subjects 
in this study, subjects 3 and 4, were taking combined oral contraceptives 
(COC's) throughout the period of this research. The following COC's were 
used: 
Subject 
3 
4 
Nameof Nameof Dose of Name of 'Dose of 
coc oestrogen oestrogen Progester- Progester 
one -one 
Temodene" ethinyl- 
oestradiol 
"Marvelon" ethinyl- 
oestradiol 
"Mercilon" ethinyl- 
oestradiol 
30mcg gestodene 75mcg 
30mcg desogest-rel 150mcg 
20mcg desogest-rel 150mcg 
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Subject 4 changed pill type mid cycle and so an extended cycle length 
occurred. This will be considered again later in this chapter. 
7.5 Monitoring of basal temperature 
In a normal biphasic ovulatory cycle, following ovulation there is an 
increase in the morning basal body temperature. This increase in 
temperature is due to the raised levels of progesterone in the second half of 
the ovulatory cycle. The volunteers in this study were asked to monitor 
their basal temperatures throughout the period of research. Every morning 
when the volunteers awakened, prior to eating or drinking, they placed a 
thermometer under their tongue for approximately three minutes. They 
then recorded the temperature on a chart, an example of which is shown in 
Fig. 7.3. Ovulation shows its occurrence as a drop in temperature 
followed by a rise. The temperature should remain raised until the next 
menstrual cycle occurs. Figs 7.4 and 7.5 show the change in basal 
temperature throughout the cycles for subject 1, cycle I and subject 2, 
cycle 3. Ovulation took place between days 10 and 14 for subject I and 
occurred between days II and 15 for subject 2. 
Now if ovulation is inhibited in any way, for example by taking a COC, 
it would be expected that the normal basal temperature curve would be 
monophasic. However, Fig 7.6 exhibits a decrease in temperature around 
days 10 - 12 followed by an elevation of temperature which remains 
during the cycle. This is a result of the synthetic progesterone's causing an 
increase in temperature. This effect is observed by some women taking 
COC's. Subject 4 however, shows no such temperature rise, her basal 
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temperature chart is monophasic. This illustrates the difficulty of applying 
a general finding, here temperature - time variation, to a particular 
individual subject. 
7.6 Microwave thermography of breasts. 
Microwave thermography has been investigated for the detection of 
breast disease by a number of research groups. As mentioned in section 
1.6, Barret et aL 1980, performed a breast cancer detection study of - 
5000 patients. Microwave radiometers consisting of matched antennae 
placed in contact with the breast for use at 23cm and 9.1 cm wavelengths 
were used to sense subcutaneous temperatures. In addition each patient 
underwent infra-red thermography, mammography and clinical 
examinations. By using a statistical technique they decided that the most 
effective criteria was to determine the difference between symmetrically 
opposite points on the right and left breast. Unfortunately at a wavelength 
of 23cm they discovered that this detection criteria was ineffective. The 
performance of the above systems indicated that microwave thermography 
at a wavelength of 23cm has true-positive and true-negative detection rates 
of 0.8 and 0.6 respectively for this application and criteria. This result is 
similar to infra-red thermography (0.7), but is less than xeromammography 
(0.9). They also noted that the microwave and infra-red imaging 
techniques disagreed in 41% of the cancer cases. Gautherie et al, 1979, 
recorded thermograms with a 30 and 68 GHz scanning system. However, 
at these frequencies only radiation originating in the most superficial layers 
of skin is emitted from the breast. In 1988, McKirdy et al, carried out a 
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study at the Western Infirmary ý Glasgow. Two hundred and forty-three 
women with breast lumps were scanned using the Glasgow radiometer. 
Of these 243 women, 139 had breast cancer and 104 benign lesions. 
Positive results were obtained in 125 out of 139 cancers. All of the above 
results suggest that microwave thermography may have a role in the 
diagnosis of breast disease, particularly when it offers important 
advantages of inherent safety and ease of use. 
7.7 Monitoring of breast temperatures throughout the menstrual cycle. 
As mentioned in section 7.0, a knowledge of the thermal behaviour of 
the normal breast is essential if changes due to breast disease are to be 
detected. In order to determine the thermal behaviour of normal breasts 
the temperature variation over the breast was investigated using 
microwave and surface thermography with combined thermal and 
microwave modelling for analysis of the measurements. ' 
II 1ý 
7.7.1 Control group 
Microwave and surface temperature scans of 21 normal subjects were 
measured with the Glasgow thermography system. The subjects were 
aged between 17 and 55, average age being 27. A grid was marked on 
both breasts and the antenna moved across the breast surface at a rate of 
lcm/2.5secs. The infra-red surface temperature was taken immediately 
after the microwave scan using a hand held pyroelectric, thermometer as 
described previously. The grid size was scaled according to breast size. 
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All of the measurements were taken in a limited room temperature range 
of 19 - 21 C. 
From these 21 subjects, the scans could be placed into five categories. 
These being 
Category Description 
1. clear dipping pattern across the 
breast 
2. modest dipping across the breast 
3. flat trace across the breast 
4. patchy pattem 
5. asymmetric 
EExamples of the observed patterns are shown in Figs. 7.8 to 7.12. It was 
found that of the subjects scanned, 29% were in category 1,24% in 
category 2,33% were category 3,9% category 4 and finally, 5% had 
asymmetric breast thermograms. Fig. 7.13 shows the frequency 
distribution of the breast scans obtained, 
In 1969 Draper and Jones carried out the infra-red thermographic 
examination of fion-nal breasts using a Pyroscan Mk IIb infra-red imaging 
scanner in an attempt to classify breast patterns in order to facilitate the 
identification of thermal abnormalities. On analysis of 442 clinically 
normal women they observed four different types of pattern which they 
grouped as follows: Groupl - cold breasts, Group 2- some vascularity 
CATEGORY I- 28.6% of subjects 
zo. 15 TEMPERATURE 37.29 
Imtra control 7/9/94 
USE CURSOR XEYS. PRESS SPACE FOR TEMPERATURE AT POTHT, 'ESC' TO EXIT. 
Fig. 7.8 Category I- clear dipping pattern across breasts 
RIGHT MICROWAVE LEFT MICROWAVE 
CATEGORY I- 28.6% of subjects 
Z8.15 TEMPERATURE 3?. z9 
dlddylO cycle I ddy 10 
USE CURSOR EEYS. PRESS SPACE FOR TEMPERATURE AT POTHT, 'ESC' TO EXIT. 
Fig. 7.8a Category I- clear dipping pattern across breasts 
LEFT MICROWAVE RIGHT MICROWAVE 
CATEGORY 2- 23.8% of subjects 
Z8.15 TEMPERATURE 37. Z9 
jik normal control 
USE CURSOR XEYS. PRESS SPACE FOR TEMPERATURE AT POIMT, 'ESC' TO EXIT. 
Fig. 7.9 Category 2- modest dipping across breasts 
RIGHT MICROWAUE LEFT MICHOUAUE 
CATEGORY 2- 23.8% of subjects 
28.15 TEMPERATURE 37. Z9 
lynn cyclel 
USE CURSOR HEYS. PRESS SPACE FOR TEMPERATURE AT POIMT, 'ESC' TO EXIT. 
LEFT MICROWAVE 
Fig. 7.9a Category 2- modest dipping across breasts 
RIGHT PlICHOWAUE 
CATEGORY 3- 33.3% of subjects 
28.15 TEMPERATURE 37.29 
9p control 
USE CURSOR XEYS. PRESS SPACE FUR TEMPERATURE AT POIMT, 'ESC' TO EXIT. 
LEFT MICHOUAVE RIGHT MICHOWAUE 
Fig. 7.10 Category 3- warm breasts 
CATEGORY 3- 33.3% of subjects 
20.15 TEMPERATURE 37. Z9 
srcl cycle I day I 
USE CURSOR XEYS. PRESS SPACE FOR TEMPERATURE AT POINT, 'ESC' TO EXIT. 
Fig. 7.1 Oa Category 3- warin breasts 
LEFT MICROUAVE RIGHT PITCHOWAUE 
CATEGORY 4-9.5% of subjects 
28.15 TEMPERATURE 37. Z9 
cathm CONTROL 
USE CURSOR HEYS. PRESS SPACE FOR TEMPERATURE AT POIMT, 'ESC' TO EXIT. 
Fig. 7.11 Category 4 -patchy pattern 
RIGHT MICROWAVE LEFT MICFMAUE 
CATEGORY 5-4.8% of subjects 
20.15 TEMPERATURE 37. Z9 
julie control 
USE CURSOR XEYS. PRESS SPACE FOR TEMPERATURE AT POIMT, 'ESC' TO EXIT. 
Fig. 7.12 Category 5- asymmetrical breast pattem 
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present, Group 3- wann breasts and group 4- patchy breasts. They also 
observed some patterns that could not be classified as the breast 
thermograms were asynunetric. So there are clear similarities between 
Draper and Jones infra-red classifications and the categories suggested for 
the microwave thermography technique findings. Further evidence that 
microwave thermography scans can be classified into similar groups was 
obtained by Brown, 1989. 
In her investigation the microwave temperatures of 10 subjects were 
recorded at two levels, scanning continuously from the outer edge of the 
left breast to the outer edge of the right breast, at 2cm above and below the 
nipple, at lcm intervals. She observed a wide range of patterns and 
divided these line scans into three categories. These categories were 
identical to groups I to 3 in both Draper and Jones and this recent work. 
However, as line scans were produced the patchy pattern observed by both 
Draper and Jones and this work was not observed by Brown with the 
limited scan pattern used. 
7.7.2 Analysis of measurements using a combined microwave and 
thermal single region numerical model. 
The female breast is assumed to consist of a homogeneous layer of 
breast tissue backed by a high water content, well perftised inner tissue. 
Estimates of breast tissue properties, principally blood perfusion and water 
content are made using combined modelling and their variation throughout 
the menstrual cycle are considered. 
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-- -Superimposing 
Fig. 6.7 onto a graph of the average measured 
microwave and surface temperatures for an area of breast tissue shows that 
the single region numerical model fits the breast data reasonably well, Fig. 
7.14. Using this modelling over the control subject data, the following 
estimates of effective perfusion (kg m's" ) and percentage water content 
were made: 
Right breast Left breast 
Effect. perfusion 0.73 0.59 
(kg m's-) 
Range (0.26-2.0) (0.19-1.3) 
Estimated water 64.7 59.6 
content 
Range (20-90) (15-90) 
The average perfusion over both breasts being 0.66 kg m-'9". In 1989, 
Brown quoted estimated perfasion values found in normal young women to 
be in the range (0.2 - 2)kg m's". The above perfiision values agree with 
this previous work. Also, in 1984, Beaney et al, used positron emission 
tomography for the in-vivo measurement of regional blood flow in both 
patients with breast cancer and a control group. The regional blood 
volume was measured by means of tracer amounts of carbon- II -labelled 
carbon monoxide. They found that the regional blood flow was 
consistently higher in tumour tissue, with an average of 3.09kg tn's", 
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compared to an average blood flow of 0.65 kg m's*' in normal breast 
tissue. This value agrees well with the estimated average blood perfusion 
given above. The changes in breast perfusion and water content 
throughout the menstrual cycle will be discussed later in this chapter. 
7.8 Microwave thermographic variations in the breast during the 
menstrual cycle 
In this small-scale investigation the microwave thermographic vascular 
breast changes were examined in four women in the age range (20 - 25). 
Two subjects were scanned over three menstrual cycles (Group A), the 
other two over two cycles (Group B). 
The subjects in Group A denied the use of a hormonal control of their 
periods and normal ovulatory cycles were assumed. The volunteers in 
Group B were taking COC's, details of which were given in section 7.4.1. 
7.8.1 Group A -natural cycles 
On analysis of subject I microwave thermograins it was observed that 
throughout the early follicular stage of her menstrual cycle the scans 
recorded showed little variation. Refer to Appendix A, Figs Al to A3. By 
Day 13, Appendix A, Fig. A4, there was a significant increase in the 
overall temperature of both breasts. It is thought that this may correspond 
to the subjects approximate ovulatory period. The approximate ovulation 
time was noted from Fig. 7.4. With reference to Appendix A, Figs. A5 to 
A85 it was observed that this elevation of temperature remained throughout 
the luteal phase to the onset of her next period. With reference to Figs. A9 
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to A12, the microwave thermograms appear to be asymmetric throughout 
cycle 2. However, the cycle length was only 12 days and this is likely to 
account for the irregular thermograms obtained. On interpreting the 
thermograms obtained during cycle 3, it was noted that the changes 
observed during cycle I were repeated. The breast scans throughout the 
follicular period, Fig. A13 to A17, were approximately the same, and 
towards the approximate ovulatory period, an elevation of breast 
temperature was observed, Fig. A18. During the luteal phase, Figs. A20 to 
A22, the breast temperature showed more variation, however the elevation 
of temperature remained. From these observations it would appear that the 
approximate ovulation point could well be determined by, performing a 
microwave thermographic scan. 
Thermograms were obtained from subject 2 over 3 cycles. With 
reference to Appendix A. 1, Figs. 131 to B3, which correspond to days 7 
and 15 of cycle 1, it can be noted that the observed increase in breast 
temperature, could as previously mentioned probably correlate with the 
subjects approximate time of ovulation. This elevation of temperature 
remained throughout the luteal phase until day 24, B6, when a significant 
decrease in the temperature of the left breast occurred. This drop in 
temperature could well be due to a drop in overall body temperature prior 
to the onset of menstruation. As a reduced number of scans were taken 
during cycle 2, the only comment which can be made'is that again a 
significant increase in temperature occurred in the luteal phase of the 
cycle, (Figs. B8 to B12). On analysis of cycle 3, Figs B13 to B19, it was 
observed that the breast thennograms appeared to be relatively stable 
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throughout. No significant change in breast temperature was observed. 
This may be due to no ovulation occurring in this cycle due to stress or 
worry. However, overall, the same observations were noted for Sub ect 2 
as seen for Subject 1. 
7.8.2 Group B- Those using combined oral contraceptive 
Subject 3 was scanned throughout 2 cycles. However, during cycle 1, 
the subject suffered from a nickel allergy. As a direct result her skin 
became inflamed. So only the thermograms obtained throughout cycle 2 
will be discussed. With reference to Appendix A. 2, Figs. Cl to C5, it is 
seen that the thermograms obtained remained similar throughout the 
follicular stage of her cycle. However, by day 16, Fig. C7, a definite 
elevation of temperature had occurred. It is thought that this elevation of 
breast temperature may correspond to the synthetic ovulatory period 
observed by some women whilst taking oral contraceptives, This 
possibility was noted in section 7.4.1, Also Fig. 7.6, shows that the 
sub ects basal temperature decreased from day II to day 16, and so the j 
increase in breast temperature coincides with the decrease in basal 
temperature. This is further evidence to suggest that breast microwave 
temperature patterns vary in a generally regular manner with what is 
probably the ovulatory cycle. This may be useful information for 
interpreting the microwave scans when looking for evidence of breast 
disease. 
For medical reasons, subject 4 changed from "Marvelon" to "Mercilon" 
as mentioned in 7.4.1, in mid cycle, and so the subject had an extended 
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cycle length of 40 days. This made interpretation of the thermograms 
difficult. So for this reason only the thermograms obtained during cycle 2 
will be considered. By referring to Appendix A. 3, Figs. DI to D8 it is 
shown that the breast temperatures' remained similar throughout all the 
phases of the menstrual cycle. No elevation of temperature was noted in 
the ovulatory, luteal phases of the menstrual cycle. On analysis of the 
basal temperature chart associated with cycle 2, Fig. 7.7, it is observed that 
no synthetic ovulation had occurred. This could well be the reason for no 
significant changes occurring in the breast temperatures throughout the 
cycle. 
In 1969, Draper and Jones carried out a study using an infra-red imaging 
scanner. They observed that the general temperature of the breasts 
seemed to remain steady until ovulation when an increase in breast 
temperature occurred. This increase remained throughout the luteal phase 
to the onset to the next period. They also performed similar scans on 
women taking oral contraception. Again they concluded that there 
appeared to be an increase in the breast temperature throughout the cycle. 
Llyod-Williams (1969) also stated that the vascular pattern of the breast 
will change in a normal menstrual period as a result of honnonal activity. 
Finally, Verzini and Romani studied the infra-red thermographic 
vascular breast modification throughout the menstrual cycle and they too 
concluded that maximum vascularisation occurred during the ovulatory 
and luteal phases of the menstrual cycle. 
It appears that infra-red thermOgrams in dicate at least superficial 
vascular changes through the menstrual cycle. The microwave 
99 
thermographic findings of this study appear to be generally compatible 
with the surface thermographic findings. 
7.9 Estimation of tissue properties using combined microwave and 
thermal modelling 
The combined microwave and thermal single region numerical model, 
(Chapter 5.0), was used to estimate the effective perfusion and tissue 
water content of female breasts throughout the menstrual cycle for both 
groups. 
7.9.1 Estimate of effective perfasion 
Fig. 7.15, shows the estimated effective perfasion through the menstrual 
cycle for subject 1. From this graph a number of observations can be 
made. The first being that symmetry exists between left and right 
perfasion estimates. Also there appears to be an increase in the estimated 
perfusion throughout the approximate ovulatory period. It appeared that a 
pattern might exist, so an average of the perfusion estimates over 3 cycles 
for both breasts was obtained and plotted, Fig. 7.16. This graph appears to 
exhibit a distinct pattern. From Fig. 7.16, it appears that the lowest 
perfasion occurs during the follicular stage, followed by an increase in 
estimated perfasion throughout the possible ovulatory period. In the luteal 
phase of the cycle, the perfiision estimates appear to decrease, however 
they remain higher than the estimates made for the follicular phase. 
Estimates of perflasion and an average of the estimated perfusions for 
subject 2 are shown in Figs. 7.17 & 7.18 respectively. On studying these 
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graphs the conclusions arrived at previously can be applied again. It 
would appear that the estimated perfusion in the breasts of women not 
taking a hormonal contraceptive varies significantly with a regular pattern 
throughout the natural menstrual cycle. The average of the estimated 
perfusion for subject I increases by -42% throughout the menstrual cycle, 
similarly, the increase in estimated perfusion for subject 2 is -46%. 
Estimates were made of the effective perfusions for subjects in Group B. 
These are shown in Figs 7.19 to 7.20. Conclusions similar to the above 
can be reached. There was a steady increase through the follicular stage of 
the cycle towards the synthetic ovulatory period, as observed previously. 
However, through the luteal phase there was a considerable elevation of 
estimated perfusion values. The observed variation in the estimated 
perfusion throughout the menstrual cycle is - 40%. It should be noted that 
as a result of superficial inflammation in subject 3, the usd of this single 
region modelling was inappropriate for perftision estimates. 
7.9.2 Estimates of water content 
Fig 7.21 shows the estimated water content through the menstrual cycle 
for subject 1. As was observed in sec. 7.9.1, symmetry exists between left 
and right water content estimates. There also seems to be an increase in 
the estimated water content throughout the approximate ovulatory period. 
This, too, was observed in sec. 7.9.1. As before an average of the water 
content estimates over 3 cycles for both left and right breasts was 
calculated and plotted, Fig. 7.22. This graph appears to exhibit a similar 
pattern to that of Fig. 7.16, estimated perfusion. Estimates of the water 
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content and the average water content over 2 cycles for subject 2 are given 
in Figs. 7.23 & 7.24. On studying these graphs, it is clear that the water 
content decreases throughout the approximate ovulatory period rather than 
increasing. No distinct similarities to Fig. 7.18 are seen. In summary, it 
was observed that a significant variation occurred in the water content of 
breast tissues during the menstrual cycles of the subjects in Group A. 
The variation of estimated water content and average water content for 
subject 4 is shown in Figs. 7.25 & 7.26 respectively, from Fig. 7.26 it is 
noted that there is a definite elevation of estimated water content around 
the synthetic ovulatory period. It is ýelieved that this is the first time that 
any objective measure of such a change has been obtained. No estimates 
of water content could be made for subject 3, due to superficial 
inflammation. It was also seen that the water content of subjects in Group 
A showed significantly more variation that those in Group B. This may be 
due to the effect of the natural hormone oestrogen on the breasts of 
subjects I and 2. 
Fig. 7.27 shows the frequency distribution of the estimated water content 
of the control group. It is clear from this plot that the predominant 
estimated water is -75%. Since the majority of the control group were 
under 40 years old this was expected as the major component of the 
majority of young womens breasts is fibrous tissue and muscle. To 
confirm that a relationship between water content of breasts and age 
exists, Fig. 7.28 was plotted. From this graph the following information 
can be obtained: 
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Age (Years) 
Under 40 years 
Over 40 years 
Average water content Range of water content 
63.5% 
51.8% 
(15-90)% 
(40-60)% 
It is clear from this data that there is a greater spread of water contents in 
younger women, where as the mid/post menopausal women have a 
reduced spread of water content. As mentioned in sec. 7.2, at the 
menopause, involution occurs and glandular tissue reverts back to its 
infantile state and so fatty tissue becomes the major component of the 
breast. This may be the older womens breasts, in the initial stages of 
reverting back to this fatty state. 
From the findings in this chapter the following two facts are clear: 
1. the inter-subject variation of "normal" breast temperature patterns, left- 
rig ht asymmetries can particularly mask or give false inflammation 
detection conditions. 
2. the natural variation through the cycle can again have a masking effect, 
or generate false inflammatory signals. 
So, in order to decrease the number of false positive results when using 
microwave thermography for the detection of breast abnormalities, a 
knowledge of the behaviour of normal breasts is essential. 
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CHAPTER 8. CONCLUSIONS. 
All bodies with a temperature above absolute zero emit 
electromagnetic energy. Microwave thermography is the technique of 
measuring this thermal radiation emitted from body tissues at 
centimetric wavelengths - to obtain information about internal body 
temperature patterns. At the lower microwave trequencies, 
approximately 3GHz, microwave radiation can penetrate the order of a 
few centimetres in body tissue. The resulting microwave temperature 
pattern information can aid medical staff in the detection, diagnosis and 
monitoring of diseases which cause temperature changes. The 
microwave temperature observed at the body's surface is a summation 
over the viewed tissue layers of the actual tissue temperature weighted 
according to the tissue microwave attenuation factors. In general, it is a 
complex function of tissue geometry, dielectric properties, the 
radiometer antenna response, and the temperature distribution. 
As explained in Chapters 4,6 & 7, the microwave temperatures were 
measured using a clinical microwave thermography system consisting 
of a body contact antenna loaded with a low-loss dielectric material to 
minimise impedance mismatch, feeding a calibrated radiometer receiver 
and a temperature data storage and display computer. , The system 
operates at 3GHz (10cm free-space wavelength). The measurement 
frequency was chosen as it gives an optimum combination of spatial 
resolution and penetration depth within tissues from which radiation 
can be received. Skin surface temperatures were measured using a 
pyro-electric infra-red thermometer. 
For this research, combined thermal heat transport and microwave 
radiation analytical models have been used in the analysis of 
104 
temperature measurement data over three body regions; the quadriceps 
muscle, the patella, and the female breasts. I- dimensional analytical 
and I-&2- dimensional numerical models were used for the 
quadriceps region. For the patella and breasts the I- dimensional 
numerical and analytical models were used. The main factors 
considered in these models are the water content of the tissue and the 
blood perfusion through the tissue. This is because the tissue water 
content determines both the microwave penetration depth and thermal 
conductivity and the blood perfusion rate is the dominant factor in the 
heat supply to tissue. 
In the rheumatology investigations, Chapter 6, microwave 
thermography has been used for the objective assessment of 
inflammation in the patella and wrist and finger joints of patients with 
rheumatoid arthritis by comparison with similar information obtained 
from a control group of subjects. 
It was found that the measured surface and microwave temperatures 
agree well in both absolute values and relative variation with modelled 
temperatures over the quadriceps region for both "normal" and RA 
patients. Tissue thermal and microwave properties vary from those of 
muscle to those of fat as expected. The range of estimated perfusion 
values found for "normal" subjects quadriceps were from 0.01 - 0.72 
kg m's' and for patients with RA the estimated values were from 0.08 
- 1.42 kg m-'s". The ranges of estimated patella perfusion found were 
from 0.003 - 0.11 kg m'9` for "normal" subjects and from 0.02 - 
4.24 kg m's-' for patients with RA. These values were found to be 
similar to . but slightly lower than those reported in literature as 
measured by radioisotope clearance methods. Changes in this heat 
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supply by arterial blood are considered to be a good measure of disease 
activity. The rheumatoid arthritis group showed on average a slightly 
higher tissue attenuation factor, 118m-1 compared with 95m-1 for 
normal subjects. This is consistent with a tendency for there to be 
higher water content in the soft tissue of the diseased joints. 
Temperature profiles along the three central fingers showed a wide 
range of patterns even in young normal subjects. The elevation of 
temperature over the affected joints was found to be lower than over the 
larger joints, but this is to be expected because of the larger surface 
area to tissue volume ratio. Combining all the finger joints together 
appears to give a measure which shows a clear difference between 
young, normal subjects and patients with RA. From the results it is 
thought that microwave thermography may be useful in the evaluation 
and disease monitoring of patients suffering from RA in their wrist and 
finger joints. 
With measured environmental, oral, microwave and infra-red surface 
temperatures, combined thermal heat transport and microwave radiation 
analytical modelling has been used to estimate the effective perfusion 
and water content of the female breast. In a group of 21 control 
subjects, aged between 17 and 55, the estimated blood perfusion was 
found to be in the range (0.19 - -2.0) kg m-'s-'. This range agrees well 
with the findings of other investigations. The water content was 
estimated to be from (15 - 90)%, ranging from fatty breast tissue to 
mainly muscle. The breast thermograms obtained could be split into 
five categories; 29 % of women showing a dipping pattern across the 
breasts, 21&,. % showing less decrease in temperature across the breast, 
33, % of women had a flat trace, patchy thermograms were obtained 
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for 9% of the control group and finally 511/'o of the women had 
asymmetric thermograms. These findings are in agreement with Draper 
& Jones (1969) infira-red classifications. 
Microwave thermography has been used in the past for detection of 
breast abnormalities, in particular breast cancer. However, a problem 
arose due to the high false-positive detection rate. For this study this 
area of work involved using the microwave thermography system for 
the detection of temperature variation in the female breasts throughout 
the menstrual cycle.. This study was essential as knowledge of the 
thermal behaviour of non-nal breasts is needed if changes due to breast 
disease are to be detected. The natural changes in the female breasts 
were monitored throughout six natural menstrual cycles and four cycles 
of women taking oral contraceptives. None of the'women reported 
breast pain at any time through out the period of research. Overall, it 
was found that the general temperature of the female breasts monitored 
remains steady until ovulation when an increase in temperature 
occurred. This increase in temperature remained throughout the luteal 
phase to the onset of the next period. These temperature changes also 
occurred in the breasts of women, taking oral contraceptives. This is 
evidence to suggest that breast microwave temperature patterns vary in 
a regular manner with what is probably the ovulatory cycle., This may 
provide useful information when looking for evidence of breast disease. 
In general the effective perfusion was lowest during the 
menstrual/early follicular stage of the menstrual cycle, followed by an 
increase during the ovulatory period. Through the luteal phase the 
estimated effective perfusion decreases but remains higher than the 
perfusion in the early stages of the menstrual cycle. 
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Estimates of the water content were made and it was found that the 
water content varied significantly during the menstrual cycle. It was 
also observed that more variance occurred during the cycles of women 
not taking oral contraceptives. This may be due to the effect of the 
natural hormones oestrogen and progesterone on the breasts. 
The combined microwave and thermal modelling has been very 
successfully applied to the analysis of the temperature data information 
obtained in the rheumatology and breast studies presented in Chapters 6 
and 7. For the body regions considered relatively simple I -D modelling 
gives useful measures of effective perfusion and tissue water content. 
The values obtained for tissue perfusion and water content are in 
agreement with values found by other techniques. 
Future work at Glasgow research group includes using microwave 
thermography as a method of investigating inflammatory causes of renal 
failure. This would be advantageous as fewer people would need to 
undergo a biopsy. The menstrual cycle investigation could be extended 
to include women with breast abnormalities. This would verify whether 
the technique could distinguish between natural changes in the thermal 
properties of the breast and breast disease. 
Presently microwave thermography has no secure niche in the 
medical world, hopefully its potential will soon be recognised and 
accepted. The results of this research highlight that the microwave 
thermography technique is inherently safe, simple to perform and can 
most importantly provide medically useful information. 
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APPENDIX B 
BI 
Experimental measurement of microwave and infra-red temperature 
data. 
All temperature measurements were made in still-air environments at 
ambient temperatures of 19-23C, with the exception of some of the hand 
measurements (see conditions noted and discussed in Chapter 6, section 
6.8). The environment was not temperature controlled, but typically 
changed by less than 0.5C over the scanning time for a subject. The area of 
the subject to be scanned was unclothed, the rest of the body was lightly 
clothed. For breast and knee scans the measurements were made with the 
subject lying still and comfortably on an examination couch with the head 
and torso raised at approximately 30* on a pillowed support. For the hand 
scans the subject sat still and comfortably at a small table with the hands 
resting on the table (see Chapter 6, section 6.8.1 for special scanning 
precautions for this case). The subject was in the scanning position for 10- 
15minutes prior to scanning. 
The infra-red surface temperature measurements were made first using a 
commercial pyroelectric element hand-held infra-red thermometer. The 
scanning procedure being identical to the microwave measurements. 
Microwave scanning was performed by holding the antenna (shown in Fig 
4.3) in contact with the skin and moving it smoothly in a straight line at a 
rate of lcm/2.5secs. The antenna is therefore only in contact with a 
particular area of the skin for at the most 5sec, thus avoiding significant 
disturbance of the tissue thermal pattern. 
The above scanning procedures were standard throughout this period of 
research. 
B2 
Reaulation of temperature within the body 
The constancy of body temperature implies that a balance must be 
maintained between the metabolic heat generated in the body and the heat 
lost to the environment. This is achieved mainly by controlling heat loss 
from the skin surface. 
The principle method of physiological control of heat loss in comfortable 
temperatures is the regulation of the blood flow to the skin which may be 
made by vasodilation or vasoconstriction in order to increase or decrease 
the skin temperature and so increase and decrease heat loss. 
In a very wann environment heatloss is increased by sweating and/or 
panting. Erection of hair on the surface of skin decreases the heatloss at the 
surface in a cold environment. At very low temperatures shivering can be 
used to increase heat production. 
The measurement conditions given in BI are chosen so as to avoid the 
need for the body to be adjusting its heat loss to accommodate any 
significant changes in environment. 
B3 
Patient selection 
The subjects used in the hand study (Chapter 6, section 6.7) were 
outpatients attending a rheumatoid arthritis clinic at Glasgow Royal 
Infirmary. All outpatients were selected by the clinical staff and had a long- 
standing history of rheumatoid arthritis. Disease duration varied from 
approximately 3 to greater than 25 years. 
No other selection criteria was applied. 
B4 
Statistical analysis of Figs. 7.16A, 7.18A, 7.20A, 7.22A & 7.26A. 
The student Mest was used to detennine whether the variation between 
phases of the menstrual cycle shown on the estimated blood perfusion and 
water content graphs given in Chapter 7 were significant. , 
With reference to 
the above mentioned graphs and the results of the Mests shown on the 
graphs, it is reasonable to suggest that the phase variations observed are 
statistically significant. 
B5 
Do ambient temperature and posture chanaes have any affect on the 
microwave temperature? 
During research into the use of microwave thermography for assessments 
in rheumatology Fraser, S and Land, DN carried out an investigation into 
the effect of ambient temperature on the measured microwave temperature. 
They concluded that a change of ambient temperature was found to have 
negligible effect on the measured microwave temperature patterns. As the 
measurement conditions were very similar to the conditions throughout this 
research, the effect of limited ambient temperature change on the 
microwave temperature pattern relation was not considered to be an 
important factor. 
al-Alousi et al. 1994 (discussed in Chapter I. pge 13) also noted that 
"changes in the temperature of the environment had no significant effect on 
the readings of the probes. ". They were considering the effect of ambient 
temperature on the equipment readings i. e. the ambient temperature does 
not affect the radiometer calibration. This is ftirther evidence to suggest that 
the effect of ambient temperature is not significant to the research carried 
out in this thcsis. 
The effect of posture changes is not relevant, since posture was not 
changed during the investigations considered here. In general, however, 
posture changes may cause tissue perftision changes and small changes to 
the surface heatloss coefficient. 
B6 
Reproducibilitv of Ouadriceps/Patella scans 
Figs 61A & 6. lB show that both the microwave and infra-red 
temperature scans for two 'normal' subjects. Fig 6.1 A scans were taken I 
week apart; Fig 6. lB scans being taken 3 months apart. Normal subjects 
were chosen as they provide stable data i. e. there is no disease variation on 
the data. As the difference between microwave and surface temperatures is 
the particularly important quality for these studies, it is the variability of the 
difference that is most important to consider. Referring to Figs 6. IA & 
6.1 B it is seen that the form of the temperature scans remain very similar, as 
do the temperature differences, (Tmw-Tsm). To confirm that there is no 
significant statistical difference between scans the difference between 
means for both subjects scans were considered. With reference to Figs 
61A) it was calculated that the probability of the differences over the 
quadriceps/patella scans taken I week apart being similar was 
0.50>P>0.317 similarly, the probability that the scans taken 3 months apart 
shown in Fig 6. lB was calculated to be 0.317>P>0.10. This suggests that it 
is unlikely that the two scans are significantly different. This result suggests 
that the reproducibility of observations is excellent. 
B7 
Calculated error values 
The calculated errors in the water content and effective perfusion graphs 
shown in Chapter 7 are as follows: 
% error in water content : 19% 
% error in perfusion 13% 
It should be noted that these would be the typical errors for all the 
measurements made. 
